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FOREWORD

California Dreamin’
In 1994, with the generous assistance of The Morton Arboretum, the IOS took its first 

tentative steps to transform from a dispersed group of oak enthusiasts into an international 
organization by holding its first Conference; three years later the adolescent Society was 
hosted in San Marino, California, by the Huntington Botanical Gardens and Library. The 
IOS would appear to have been retracing those early footsteps by reconvening at The 
Morton in 2015, followed by California in 2018, but as an organization now fully fledged, 
with each event meticulously organized and exceeding previous attendance records.

However, the venue for the California Conference of which this volume is the 
Proceedings was this time not in Greater Los Angeles, but in Northern California at the 
University of California’s 5,300-acre campus in Davis, a vibrant university community 
situated between San Francisco and Sacramento. In a demonstration of how the IOS 
has come of age, so many and varied were the presentations that two and sometimes 
three simultaneous sessions were required – a new departure for the Society, but shrewd 
theming in each venue largely obviated the need to move around between presentations. Of 
course, it thus follows that it was impossible to attend every lecture, making their written 
publication more essential than ever. This triennial Proceedings Issue of International 
Oaks, patiently assembled by our indefatigable Editor, Béatrice Chassé, will finally allow 
even those who attended the Conference to vicariously enjoy the lectures they were 
unable to view at the time. I should add that each Proceedings becomes more portly than 
the last (yes, it comes to us all), and the Board seriously debated this year as to whether 
it should be published in two volumes. Finally, as you see, the consensus was for one 
weapons-grade “big issue”.

The theme of the Conference was “Oak Landscapes for the Future: Adapting to Climate 
Change”. We oak fanatics have of course been trumpeting for years that oaks are the 
answer: it would seem that climate change may finally have provided the question. On a 
sadder note, the theme was made all the more poignant by the catastrophic wildfires which 
swept California in 2018, peaking, as it befell, both before and after our event and its 
Tours. So we were the lucky ones, but our heartfelt sympathy goes out to all those affected 
by the terrifying conflagrations, and particularly to those who sustained tragic loss.
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My wholehearted admiration invariably goes to those who pick up the heavy load of 
organizing a Conference, and in this case it was long-time IOS member Emily Griswold 
who boldly put her hand in the air, and who, with the able aid of the Conference 
Committee, brought off such a memorable coup. I list the members so that I may thank 
them on behalf of all of us who attended: the Chair, Emily Griswold; Shannon Still, who 
sadly was precluded from attending the Conference due to ill health; Abbey Hart and 
Stewart Winchester, who in addition organized and guided the two Pre-Conference tours; 
Rachel Davis and Dave Muffly, who did the same for the Post-Tours; Zarah Wyly and 
Melissa Cruz. Our gratitude is again due to Ryan and Tammy Russell: the beneficiaries 
of their silent auction at the 8th IOS Conference at The Morton were able to attend this 
Conference, and there was an equally successful re-run at Davis for the student crop who 
will attend the Taiwan Conference in 2021. 

In addition to the Conference itself, I was fortunate enough to participate in all the 
associated Tours, which are described in detail in this issue. Up to 41 of us enjoyed 
the Sierra Nevada and North Coast Pre-Tours, and, although akin to blasphemy, I was 
delighted that in addition to splendid oaks and magnificent landscapes such as Yosemite, 
we also ticked the boxes for California’s iconic conifer species: the tallest (Sequoia 
sempervirens, the coast redwood), the largest (Sequoiadendron giganteum, the giant 
sequoia), and the oldest (Pinus longaeva, the bristlecone pine). An awesome national 
champion Quercus lobata has to be mentioned, as it seemed to rival the redwoods in 
height: it really defied belief. What was less apparent to the Pre-Tour participants was 
that the itineraries had to be re-planned at the last moment due to the alarming progress 
of the fires: full marks to the team.

From the Apple headquarters and Magic, Inc. to a champion Q. agrifolia, to a pygmy 
forest of the same species, to woodland of the endangered Q. engelmannii and much else 
besides, the Post-Tours also presented a kaleidoscope of uniquely Californian images.

A recent change to our membership benefits means that new members now receive the 
following year’s International Oaks. I urge all of you who joined for the 2018 Conference, 
and have thus received these Proceedings, not to let your membership lapse: the Society 
offers tours and events, a lively website (which includes the essential reference database 
Oak Name Checklist), whilst the excellent publications International Oaks and Oak 
News & Notes will keep you abreast of the constantly breaking wave of oak information, 
regardless of whether your interest is general or deeply scientific. Enjoy and learn from 
this Issue, and please stay with us. I hope to see you in Taiwan!

Shaun Haddock
President

International Oaks, No. 30, 2019
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PREFACE

Setting the Stage in UC Davis
Over the last dozen years, the International Oak Society Conferences I have attended have 

been tremendously enriching both personally and professionally. They have taken me to 
inspiring places that I would have never discovered or ventured to on my own, introduced me 
to friendly and fascinating people with so much knowledge and passion to share, helped me 
grow the UC Davis Arboretum and Public Garden’s oak collection through acorn exchanges, 
and supported the development of my expertise and enthusiasm for oaks. 

For years, I dreamed of hosting a conference at the University of California, Davis campus. 
I wanted to give back to a Society that had given me so much and introduce my IOS friends 
to Shields Oak Grove and the beautiful and diverse wild landscapes of California. I was 
also excited to forge new connections between California colleagues and the international 
membership of the IOS and encourage cross-pollination of ideas and inspiration. This past 
fall, after three years of preparations, that vision was realized at a scale that exceeded my 
imagination.

Our Conference Committee chose “Oak Landscapes of the Future: Adapting to Climate 
Change” as the theme for the 9th International Oak Society Conference in response to the 
increasing urgency of this global issue. Climate change has been described as the biggest 
threat to our planet and the greatest challenge of our time. From urban forests to wildlands 
to public garden collections, all natural and human-created landscapes will be profoundly 
affected. 

These concerns hit home at the UC Davis Arboretum and Public Garden, the official 
Conference host, which encompasses the landscape of the full 5,300-acre campus, including 
a 100-acre arboretum, an urban campus core, natural areas, a riparian reserve, and agricultural 
lands. Our organization holds the unique position of being responsible for the long-term 
stewardship of oak trees in these diverse settings as well as being a training ground for future 
environmental leaders through our Learning by Leading™ program. Looking to the decades 
ahead, our response to future climate uncertainties has been to develop a Living Landscape 
Adaptation Plan that identifies key strategies for building resilience in our tree canopy (see 
Mary Burke’s article, pp. 31-36, for more about this).

When our Conference Committee put out an open call for sessions, we had no idea how 
enthusiastically people would respond. Holding concurrent sessions allowed us to give more 
presenters an opportunity to share their work and cover a greater diversity of topics. With 
such a variety of presentations, workshops, and tours what ties it all together? Shannon Still 
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and I identified four broad ideas that in many ways reflect the shared values and beliefs that 
underlie and motivate our work.

(1) Oaks are important (to people). Although many of us may take it for granted, the 
concept that “oaks are important” is not universally embraced in modern society. Our shared 
belief in the importance of oaks brings tree-lovers together to join organizations like the 
IOS, and we continue to find ways that oaks bring value to our lives. Some of our presenters 
enrich our understanding of people’s deep cultural connections to oaks and see them as an 
ongoing source of inspiration and rejuvenation. Some of our presenters study oaks as the 
backbone of ecosystems and explore the way they support habitat for diverse wildlife. Still 
other presenters explore the role that oaks can play in supporting healthy human communities 
by providing ecosystem services, offering food, and contributing to livable cities.

(2) Oaks face challenges. In order to protect the oaks we so care about, we must understand 
the challenges that threaten their survival. Among our presenters, we have several researchers 
who study threats to oaks from pests and pathogens. Other presenters analyze how public 
policies and urban and agricultural development fragment and destroy oak habitats. We also 
have presenters who investigate problems with oak regeneration and how to overcome them. 
Some of the most daunting challenges facing oaks in the future will likely come from the 
impacts of climate change. Some of our presenters model future scenarios to predict how 
extreme weather, sea level rise, altered fire ecology, temperatures, rainfall, and shifting pests 
and pathogens will affect oaks.

(3) Oaks need care and conservation. Once we understand more about the challenges 
oaks face, it becomes increasingly clear that care and conservation will be needed to preserve 
oak diversity into the future. More questions arise as soon as you set conservation goals. How 
can you protect something if you don’t even know how to describe or define it? This is where 
our presenters who work in the realm of basic science to illuminate the genetic diversity and 
evolutionary relationships of oaks play a role. Meanwhile, other presenters focus on more 
practical considerations about identifying best methodologies for protecting, maintaining, 
and growing oaks. Perhaps the most powerful long-term strategy for conserving oaks is to 
share messages with others about their importance and to spread the love for oaks. Instilling 
this emotional connection is the focus of some of our presenters.

(4) We need to collaborate for oaks. Creativity and collaboration will be essential to 
solve the daunting challenges we face with climate change. The Conference brought together 
people representing a broad array of interests across disciplines to consider how to develop 
and implement solutions that will protect and ensure the longevity of oak landscapes.  I’m 
so grateful to our presenters who used the Conference as an opportunity to draw participants 
together, strengthen existing collaborative networks, and establish new ones. Our participants 
and presenters represented local and global perspectives, theoretical and practical orientations, 
training as artists and scientists, amateur and professional experiences, and urban and 
wildland specialties. Bringing these perspectives together is a unique and special quality of 
the International Oak Society.

On behalf of the UC Davis Arboretum and Public Garden and the 2018 Conference 
Committee, I hope you gain as much from these Proceedings as we did from this exciting 
Conference. Let us all build on the friendships and collaborations that the IOS helps make 
possible to study, advocate for, and conserve oaks.

Emily Griswold
Conference Chair

International Oaks, No. 30, 2019
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INTRODUCTION

Of Oaks and Men1

Béatrice Chassé
Arboretum des Pouyouleix

24800 St.-Jory-de-Chalais, France
pouyouleix.arboretum@gmail.com

California is a great many things for me, and to these must now be added the 9th 
International Oak Society Conference that these Proceedings represent. This Conference 
was our most ambitious to date and we are indebted to the entire crew responsible for its 
success, with special thanks to Emily Griswold who accepted the challenge of leading 
its organization, and who has written the Preface to this volume. We were, as I have 
heard since the end of the Conference from several of the authors of these pages, very 
lucky: only days after the end of our event, the alarming air quality in Davis from smoke 
from nearby wildland fires resulted 
in school closings and injunctions 
from local authorities to stay at 
home, where those inhabitants who 
could afford to do so have installed 
air filtering systems. Analysts of 
the world’s seventh most important 
economy report that air filtering 
is now a booming business in 
California. 

My years as a bird-watcher took 
me on four fantastic California road 
trips from north to south, zigzagging 
from east to west, tracking with 
heavy and cumbersome telephoto 
lenses the vibrant colors and 
exuberant life of the unique – as so 

1. It will be understood that this is a literary, not a sexist, reference.

Photo 1/ Aphelocoma californica, one of the many birds of 
California whose lives are intimately intertwined with the 
genus Quercus.
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many things are in California – avifauna. It is always with great fondness and a bit of 
nostalgia that I read about the love affairs between birds and oaks such as described 
in this volume by Airola and Greco. Since my own love affair with the genus Quercus 
began, the same foundness infuses my reading about similar ties between oaks and other 
inhabitants of the planet, including Homo sapiens. 

In these pages Pearse reviews the complex interactions between insect herbivores and 
our favorite trees, stressing the fact that creating habitat for these creatures could be a 
great benefit of planting native oaks. On the human side, those of you who attended the 
8th International Oak Society Conference at The Morton may remember my infatuation 
with the history of acorn consumption in the biological and social evolution of mankind. 
Brand and Lake each take this into the present with their work in promoting the study 
and conservation, for the former, of Quercus rotundifolia in the dehesas of the Iberian 
Peninsula and, for the latter, of Notholithocarpus densiflorus, for its importance in native 
American culture. Taylor tells the story of a unique episode in the history of Q. suber in 
the United States during which millions of these trees were planted across the country, 
while Sanchez and Wyly describe a unique program intended to engage students in the 
preservation and growth of native trees in California’s urban forests. Because 55% of the 
world’s population currently lives in urban areas – and this is expected to rise to 70% 
by 2050 – the value of urban forest is undeniable. Lamant tells us of the interest and 
obstacles in France for urban oak plantings and Denig outlines general considerations 
for planting oaks in urban landscapes of the future. Spotswood et al. review the history 
and evolution of the landscape in the part of California known today as Silicon Valley, 
arguing that reintroduction of native oaks could help to increase the ecological functions 
of the urban forest.  

Of course, the love affair between humans and oaks, as well as the desire to plant 
these trees, is not limited to those striving to improve the urban environment. Muick 
paints a brief introduction to the oaks of California, focusing on eight species, while 
Baldwin, Giseburt, Haddock, and Lobdell, in their respective reports of the Pre- and Post-
Conference Tours, illustrate most vividly the human passion and interest that these trees 
and their ecosystems nourish. Weathington shares with us observations gleaned over the 

past 40 years on the performance 
of several Asian evergreen oaks 
(section Cyclobalanopsis) at the 
JC Raulston Arboretum in Raleigh, 
North Carolina and Krautmann tells 
of concerted efforts to propagate 
and diffuse interesting cultivars 
of Southwestern U.S. oaks, while 
Russell and Jablonski review the 
new cultivars from all over the 
world available in the trade since 
2015. Barnea recounts the history 
of the demise of the Q. ithaburensis 
forests that once covered vast areas 
in what is present-day Israel and his 
– and others' – efforts to remedy, if 
only in part, this situation.

International Oaks, No. 30, 2019

Photo 2/ Pre- and Post-Conference Tour participants 
enjoyed the oak diversity of California, including the 
marvelous Quercus chrysolepis.
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Enlarging our horizons, Cannon tells of his fascination with one of the other genera 
in the Fagaceae, Lithocarpus, and reviews the major Asian lineages of the family. He 
reminds us that everything that makes an acorn is not necessarily an oak and describes the 
(some resolved, some unresolved) relationships, both ecologic and genetic, that structure 
the family and its history.

When my passion for oaks eclipsed my obsession with birds, California remained 
an important destination. Three fantastic voyages, with a much lighter and not-at-all-
cumbersome digital camera, saw me again in California tracking the members of the 
family Fagaceae that grace with their presence the Golden State. And long, long before 
my bird and oak passions, there was Jack. Born in San Francisco, Jack London’s last 
dwelling can be visited in the Jack London State Historic Park, part of a grouping of 
California State Parks that includes Sugarloaf Ridge State Park, the first stop of the 
second Pre-Conference Tour. Until the end of the 20th century this Park was a mecca 
for bird watchers: a symphony orchestra would have been shamed to silence by the 
extraordinary music of the countless bird songs that could be heard. In 2004, the choir of 
birds was reduced to a solo.

I am sad about this. 
We should all be sad about this. 
As sad as John Steinbeck was angry when he wrote in The Grapes of Wrath (1939), 

“There is a crime here that goes beyond denunciation.” Of course, he wasn’t writing 
about air or oaks or birds. He was writing – 80 years ago – about the devastating effects, 
on many levels, of California’s agricultural industry. 

Many in these pages write about the historical and present-day modifications to 
the natural landscape in California and the significance of this in the context of the 
Anthropocene and its already-evident consequences such as the extreme fire events that 
have plagued California for a number of years now as well as the ever-growing number 
of new pathogen and pest behaviors that indicate that they too are adapting to survive in 
a modified environment.

Ackerley et al. tell of the dramatic 2017 Tubbs Fire, that burned 14,895 hectares, and 
the ensuing study to provide a baseline for examining potential vegetation changes after 
such high-severity fires. The Tubbs Fire is also the subject of Halbur et al. in the context 
of predictions of increased fire frequency in the North Coast region of California; the 
authors stress that long-term monitoring of wildfire in the region is important to increase 
knowledge about oak-forest resiliency. Koenig reviews changes in acorn production 
over the past 30 years, remarking that while climate change has played a role, the most 
dramatic effects on oak populations are due to land-use changes. Dagit reviews drought 
and beetle impacts to native trees at the urban/wildlife interface in the Santa Monica 
Mountains since 2014 and the initiatives taken to develop management strategies to 
meet projected future challenges. Burke sketches for us the ambitious 75-year UC Davis 
Living Landscape Adaptation Plan, and Moskow describes efforts by the California Oaks 
program to use the state’s climate laws to protect oaks given that state-wide legislation 
for protecting trees is limited.

California is of course not the only place on the planet where the effects of the 
Anthropocene are being felt. Kopler and Bar-Shalom discuss oak decline and mortality 
of oaks in the Golan Heights and their research to characterize the health status of these 
following several periods of severe summer drought. Williams et al. discuss the impacts 
of climate change on the oaks of Oaxaca (Mexico), concentrating on the two principal 

Of Oaks and Men

International Oaks, No. 30, 2019
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vegetation types found there: oak 
forest and mixed conifer-oak forest. 
The good news is that a consensus 
model shows that the center and 
inland parts of Oaxaca (where these 
vegetation types are dominant) 
are among those expected to be 
the least in danger from climate 
change – but the authors underline 
the fact that habitat degradation and 
forest-loss are equally important 
threats. Muzika and Morin examine 
oak mortality and decline in the 
Midwestern U.S. in correlation 
with abiotic and biotic factors 
to better understand patterns of 
forest evolution. Concern about 
the status of Q. arbutifolia, a rare 
Asian oak, has motivated Li et al. to 
develop improved micropropagation 
techniques, while Denvir et al. 
describe an ensemble of conservation 
strategies being deployed in 
Latin America, pointing out that 
various tools to prevent extinctions 
already exist, but that they are 

not always used. Coombes et al. tell of their intensive fieldwork in Puebla (Mexico) 
to find unreported species and better understand species distributions, highlighting the 
fact that without this basic knowledge, conservation efforts are handicapped. Correa, 
reviews the past ten year’s worth of contributions to oak genetics and conservation in 
Mexico and the Neotropics, what is known about their diversity and the threats that 
they face. Boland discusses the value of ArcGIS technologies to scientists, land-planners 
and conservationists in an example that takes us to Martha’s Vineyard (Massachusetts; 
U.S.A.) while Cameron and Coombes, on one hand, and Lobdell, on another, write of two 
examples that illustrate at once the importance of ex-situ oak collections and of pooling 
resources: the Cultivated Oaks of the World project, and the Plant Collections Network 
Multisite Quercus Collection, respectively. 

Lee et al. focus their attention on Phytophthora ramorum, noting that although 
scholars have learned much in the recent past about this pathogen, our understanding 
of its potential to alter landscapes is only just beginning. Sternberg details a complex 
procedure for dealing with trees in a collection infected with oak wilt disease, possibly 
the most serious of all modern oak ailments, and Denman et al., focusing on acute oak 
decline, have developed a new, holistic approach to getting a grasp on polymicrobial 
interactions and disease expression. 

Since it appears that putting an end to the activities that have created this havoc 
is, sadly, not seriously on the world’s agenda, it is laudatory that so many attempts to 
foresee what the future holds are. But is that the only reason? Is there not also simply an 

International Oaks, No. 30, 2019

Photo 3/ Increased collecting efforts all over the world are 
essential for developing sound conservation strategies.
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expression here of what is truly unique to our species, that is, the ability to ask questions, 
to interrogate the world at large, to have an opinion, to tell a story, in short, to understand? 
This is, I think, what Charles Darwin meant when he criticized the position held by others 
of his time that science is merely about collecting facts (Darwin 1861). In this volume, 
there are brilliant examples of this quest to understand what is Quercus, and, implicitly, 
what is this extraordinary thing called life. 

One hundred and sixty years after the publication of The Origin of Species, the ideas 
expressed in these pages by Hipp et al. are as exciting as they are proof of the pertinence 
of Darwin’s criticism. There is not one but many stories embedded in a genome. That 
the most interesting story may be the one told by the sutures between the genes, the 
changes from one story to another, and that quite possibly the “genes that distinguish 
Q. macrocarpa from Q. bicolor in Wisconsin are not the genes that distinguish it from 
Q. stellata in Missouri.” Delving into this question, Garner et al. provide previously 
undemonstrated evidence for genetic differentiation within a species: two genotypes for 
Q. macrocarpa “that separate from each other more readily in admixture analysis than Q. 
macrocarpa does from Q. bicolor.” As Hipp et al. write, we are perhaps close to being 
able “to ask two previously unanswerable questions: what do we mean by “species” and 
“phylogenies” when we are talking about oaks?” 

After Denk et al. (2017) the major challenges in understanding the genus Quercus at 
infrasectional level lie, on one hand, in resolving the incongruence between traditional 
(morphological) and DNA-based classification systems, and, on the other, in refining 
our understanding of the biogeographical and ecological context of the infrasectional 
evolutionary history of the genus. 

Keuter and Manos report here on a remarkable study, an exemplary collaboration 
between academic and citizen science, and a step towards resolving the incongruence 
mentioned above using data generated from morphology and genetics to paint a clearer 
picture of the relationships among the California Red Oaks (Agrifoliae), while raising 
some new and interesting questions. Perhaps also, this study points to a weak spot of 
historical morphology-based classification systems: the quantity of data used to determine 
where to put what. A lesson to be learned for those of us who often lend unwarranted 
significance to a very minute sample of observed morphological variation: in this study, 
18,000 morphological measurements were taken.2

Dodd and Papper, focusing also on the California Red Oaks, report similar findings 
for the confirmation of the identification of the four named species in the clade, and 
express similar doubts concerning the named varieties of Q. parvula. Long et al. look at a 
mysterious hybrid on Santa Cruz Island, long thought to be Q. ×morehus, though neither 
of the parent species (Q. kelloggii and Q. wislizeni) is present on the Island. Nuclear and 
chloroplast DNA microsatellite results suggest that this may in fact be a hybrid between 
the former and Q. agrifolia (Q. ×chasei); several hypotheses are proposed as to how Q. 
kelloggii got involved.

Papper addresses here the interesting question of species integrity and the maintenance 
of reproductive compatibility within sections of the genus Quercus despite a long history 
of divergence. Focusing on the distribution of two White Oak species, Q. douglasii and 
2. Darwin, despairing as he was over “the utter confusion my poor dear Barnacles are in,” spent eight years of his life mea-
suring thousands of barnacles that he received from correspondents all over the world, in addition to the ones he collected 
himself, before proposing a classification for the Cirripedia (Burkhardt 1996; letter to J.S. Henslow, July 2, 1848). It is also 
interesting to note that just about up until Darwin’s time (nearly) everybody, including himself, who was engaged in what 
we would call "science" but what was called at the time “natural history” or “natural philosophy” was …a citizen scientist.

Of Oaks and Men
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Photo 4/ In the incredible diversity in the Quercus world, what allows different species to remain distinct 
in the face of regular gene flow? Are species differentiated by adaptation to different habitats in the 
environment? What is the role of epigenetic mechanisms? And what of the stories told by the different 
sutures between the genes? These are some of the questions that we look forward to hearing more about 
in Taiwan in 2021. (a) Q. robusta (b) Q. albocincta (c) Q. gravesii (d) Q. kelloggii.
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Q. garryana var. garryana (at three different points in time: 21,000 years ago; 6,000 
years ago; and, between 1951 to 2010), the evidence suggests that there has been long-
term sympatry between the two across at least parts of their ranges, though they remain 
ecologically distinct, supporting the idea of a multispecies evolutionary complex.

Exploring further the biogeographical and ecological context, Valiente et al. explore 
the functional diversification amongst the North African/European oaks in Quercus 
section Quercus and those in Quercus section Cerris, analyzing differences in functional 
traits related to growth potential and drought resistance and their relationship to climate. 
González-Rodríguez et al., putting their noses to the ground in central Mexico, take 
us through the fascinating and as-yet little-studied question of what role plant/soil 
interactions play in the composition of oak communities and ultimately in species 
diversification and distribution. We learn that plants recover only a proportion of the 
total nitrogen and phosphorous contained in the organic matter that they return to the soil 
(leaf litter, etc.) – and that this proportion, known as foliar resorption efficiency (FRE), 
shows plastic variation depending on environmental factors, but there is also a genetic 
component. Previously no clear functional differences have been found between Red and 
White Oaks; the results of this study suggest that species-level differences may exist for 
nutrient recycling and thus affect oak community composition. 

Although we oak lovers take for granted that hybridization exists within sections of 
the genus Quercus, Chatwin et al. ask the thoughtful question, why? In other words, what 
is the adaptive advantage of hybridization (for there must be one, or, at the very least, 
if there isn’t, we must understand why)? And what role does this play in oak evolution? 
This complex question at the frontier between ecology and genetics finds some elements 
of an answer here: hybrids that in moments of stress are temporarily more “fit” than 

Of Oaks and Men
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Photo 5/ How do oak forest communities develop? What functional traits distinguish Red and White 
Oaks and what is their role in the evolutionary history of the genus Quercus?
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either of the parent species, keep genes “alive” that, through later backcrosses, give the 
parent species a specific advantage in the face of such stress, in this case, drought. Sort 
of the evolutionary equivalent of not putting all your eggs in one basket.

Sork et al. take us into the fascinating realm of epigenetics, explaining how these 
processes can shape adaptation. The authors point out that epigenetic mechanisms, notably 
DNA methylation, may be particularly important for long-lived species such as oaks as 
they may facilitate more rapid responses to changes in the environment than genetic 
processes. Does the environment induce methylation? What is the within-populations 
natural variation in DNA methylation? Does natural selection act on that variation? These 
are some of the questions addressed here.

Strijk and Hinsinger explore the origin, evolution and genomic diversity of the oaks 
of Vietnam using a recently (2015) proposed technique for sequencing that allows for 
the use of suboptimal samples (such as from specimens stored in herbaria, silicagel-
dried leaf samples, etc.) for genomic and evolutionary studies. Although this does raise 
questions about how to safeguard the integrity of the historic herbaria that are a tribute 
to mankind’s quest to understand nature, the technique could open avenues to enhancing 
our knowledge of the diversity of the past and, consequently, our understanding of the 
present.

As you go through the myriad different stories that are told within this volume, I am 
sure that, like me, you will find there are those that you will want to go back to, those that 
add substance to your own story, those that reveal intriguing and unsuspected aspects of 
the world of oak, those that will forge a deeper relationship between each of us and these 
trees that command so much passion and interest. 

I am grateful as Editor to be given the opportunity to enjoy such an intimate relationship 
with – if not the presenters themselves – the written contributions that represent their data, 
their objectives, thoughts, and creativity. On top of the time that they spend transforming 
all of that into prose, the volume you are holding represents about 900 hours of work and 
dedication to spreading the Quercus word.
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ABSTRACT

We quantified fire severity in the Tubbs Fire (Sonoma Co., CA, October 2017) across 
different vegetation types, as well as post-fire mortality and regeneration of tree species 
in permanent plots at the Pepperwood Preserve. The fire burned 14,895 ha, with > 25% in 
both medium and high severity. Chaparral and Pinus attenuata stands mostly burned at high 
severity, while other vegetation types experienced a fairly even distribution of fire severity. 
The fire killed 50% of saplings (DBH < 1 cm) and 27% of trees (DBH ≥ 1 cm), with higher 
mortality in high-severity patches. Quercus agrifolia, Q. kelloggii, Arbutus menziesii and 
Umbellularia californica exhibited very high levels of topkill combined with basal resprouting. 
Pseudotsuga menziesii, which lacks resprouting ability, exhibited high mortality, especially 
in saplings at high severity. The results provide a baseline to examine potential vegetation 
change due to high-severity fire, especially in high-severity stands of P. menziesii.
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Introduction

Wildfire is frequent in California’s Mediterranean-type ecosystems, due to annual 
summer drought that enhances flammability of live and dead fuels. California ecosystems 
exhibit a diversity of fire regimes, from frequent, low-intensity fires in grasslands to 
high-intensity, stand-replacing fires in chaparral and closed-cone pine forests. In oak 
woodlands and mixed hardwood forests of the Sierra Nevada foothills and Coast Ranges, 
most fires burn through the understory, consuming litter and burning seedlings and 
saplings, with minimal damage to overstory trees (Davis and Borchert 2006). However, 
extreme fire conditions can lead to mixed-severity fires with pockets of high mortality 
and extensive resprouting of burned trees. In the San Francisco Bay Area, extreme fire 
conditions are usually linked to Diablo Winds, easterly downslope wind events that bring 
high winds and very low humidity.1 Diablo Winds are linked to the largest Bay Area fires 
of the past century, including the 1923 Novato and Berkeley Hills fires, the 1965 Hanley 
Fire, and the destructive 1991 Tunnel Fire in Oakland. 

During an extreme Diablo Wind event in Napa and Sonoma counties on October 8, 
2017, multiple ignitions coalesced into four major fires: Tubbs, Atlas, Nuns, and Pocket 
(Fig. 1a). Collectively, these fires burned 65,700 ha and at the time were the most 
destructive fires in California history, with 31 deaths and >7,500 structures burned. The 
Tubbs Fire was the most destructive of the four, igniting near Calistoga and spreading 
more than 15 km overnight under high wind conditions. After the extreme conditions on 
the first night, the fire continued to spread north and then east, as winds shifted, burning 
at lower intensity and eventually covering 14,895 ha (Fig. 1b). 

Pepperwood Preserve, a research facility northeast of Santa Rosa, was heavily 
burned, with fire covering about 85% of the 1,263 ha site (Fig. 1b). Starting in 2013, we 
established the Pepperwood Forest Dynamics Project, a network of forest plots designed 
to study effects of topography on forest dynamics, and to provide a baseline for responses 
to extreme events (Oldfather et al. 2016). Taking advantage of this resource as a baseline, 
we conducted rapid surveys of fire severity in the months after the Tubbs Fire, and a full 
resurvey of individual survival and regeneration in the summer of 2018, to address the 
following questions: 

1. What were the patterns of fire severity in relation to vegetation type in the Tubbs 
Fire?

2. How do the dominant tree species differ in mortality, topkill, and resprouting 
responses to low- vs. high-severity fire, and how do responses differ between 
saplings and trees? 

Methods

Fire severity
We estimated burn severity using Landsat 8 satellite images recorded before and after 

the Tubbs Fire. Images were from the U.S. Landsat Analysis Ready Data (ARD) that 
provide automated atmospheric correction and surface reflectance retrieval.2 Landsat 8 
ARD tiles LC08_CU_001008 and LC08_CU_002008 were used (pre-fire: 09/25/2017, 
10/04/2017; post-fire: 10/27/2017, 11/05/2017). Fire severity was calculated using the 

1. For details on Diablo Winds, see http://www.fireweather.org/diablo-winds/.
2. Available at https://www.usgs.gov/land-resources/nli/landsat/us-landsat-analysis-ready-data.

International Oaks, No. 30, 2019
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relativized burn ratio (RBR) described in Parks et al. (2014). This ratio uses the normalized 
burn ratio (NBR), which is sensitive to plant chlorophyll, moisture and burned materials. 
Pre- and post-fire difference in NBR was calculated (dNBR) to provide a measure of burn 
severity. The RBR is the dNBR adjusted with a pre-fire NBR factor that prevents the 
index from failing in some situations. Following Parks et al. (2014) the delta normalized 
burn ratio (dNBR), we classified the dNBR raster product into four burn severity classes: 
<35 (unchanged), 35-130 (low), 130-298 (medium), and >298 (high). 

The fire severity layer was intersected with the Sonoma County vegetation map3 to 
determine the relative frequency of vegetation types burned in the fire, and the distribution 
of fire severity within each type. Agricultural and developed areas were excluded from 
analysis, and rare vegetation types were combined, resulting in 14 types for analysis.

Tree mortality and regeneration
The Tubbs Fire burned at very high severity under high wind conditions on the first 

night (Oct. 8-9), and then at lower severity for the following several days. The location 
of the first night fire perimeter at Pepperwood was determined based on Google Earth 
imagery, weather stations, and wildlife cameras (Fig. 1c). Only 3 of our original plots 
were located within this high-severity zone, all dominated by Pseudotsuga menziesii. 
To expand sampling of hardwood species, we added 4 more plots, following the same 
protocol as the original 2013 sampling, for a total of 54 plots (Fig. 1c).

In 2013, all individuals > 50 cm tall were tagged, mapped and measured, and recorded 
as saplings (height > 50 cm, diameter at breast height (DBH) < 1 cm) or trees (DBH ≥ 1 
cm). A total of 3,900 individuals from 25 species were recorded, with 7 species comprising 
98% of basal area: Quercus agrifolia (29% of total basal area), P. menziesii (24.1%), Q. 

3. Available at http://sonomavegmap.org.

Mortality and Resprouting in California Oak Woodlands Following Mixed-Severity Wildfire
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Figure 1/ (a) San Francisco North Bay region, showing location of four fires in 2017; (b) Fire severity 
map for the Tubbs Fire: green = unchanged; yellow = low severity; orange = medium severity; red = 
high severity; (c) detail for Pepperwood Preserve: open circles show locations of 54 forest dynamics 
plots; dark line shows upper edge of high severity fire zone on the first night of the Tubbs Fire.
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garryana (23.6%), Q. douglasii (7.7%), Q. kelloggii (6.6%), Arbutus menziesii (4.4%), 
and Umbellularia californica (2.7%). We analyzed these species and three additional 
shrubs: Arctostaphylos manzanita, Heteromeles arbutifolia, and Amorpha californica 
var. napensis. 

In summer 2018, plots were resurveyed to determine post-fire status of all tagged 
individuals. For each individual we recorded the following: presence/absence of basal 
resprouts; presence/absence of epicormic sprouting on major branches; presence/absence 
of green foliage on apical branches of the crown; percentage of the canopy with green 
foliage (estimated visually by two observers). We were not able to determine whether 
green foliage in the crown were leaves that survived the fire, regrowth on undamaged 
tips, or post-fire resprouts from apical branches. Based on these observations, the status 
of each individual was classified into one of four classes (Figs. 2-4):

• D: Dead (no basal resprouting and no green foliage in the crown)
• TK+B: Topkill and resprouting (basal resprouting present, no foliage in the crown)
• B+C: Resprouting and living crown (basal resprouting present, green foliage in 

the crown)
• C: Living crown only (basal resprouting absent, green foliage in the crown)
Results were analyzed separately for saplings and trees, and results are shown for the 

seven plots that burned at high severity on the first night, as well as for all burned plots 
together. 

Figure 2/ Post-fire status of trees (DBH ≥ 1 cm) in forest dynamics plots at Pepperwood. D = dead; TK+B 
= topkill + basal resprouting; B+C = basal resprouting + green foliage in crown; C = green foliage in 
crown with no basal resprouting. Sample sizes shown after each species name.
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Results

The Tubbs Fire burned a total of 14,895 ha, with 13,351 ha within Sonoma County 
(where we had a complete vegetation map available for analysis). Within the county, the 
distribution of fire severity was: unchanged 13.2%, low severity 22.1%, medium severity 
35.8%, high severity 28.9% (Fig. 1b). 

The three most common vegetation types within the fire zone were grassland, P. 
menziesii woodland, Q. agrifolia woodland, Q. garryana woodland, and then a grouping 
of other oak woodland alliances (lumped here as “oak woodland”) (Fig. 5). More than 
75% of chaparral and Pinus attenuata burned at high severity. Quercus douglasii, Q. 
garryana, and riparian vegetation experienced low levels of high severity (< 15%). 
Quercus douglasii and Q. garryana both occur primarily as oak savannas with a grass 
understory and absence of ladder fuels, reducing fire severity. 

At Pepperwood, 43 of our original 50 plots burned and 4 additional plots were installed 
within the high-severity zone. We surveyed the post-fire status of 3,983 individuals. The 
fire killed 1,175 of 2,325 saplings (50%) and 445 of 1,658 trees (27%). We observed a 
spectrum of species strategies of post-fire survival or regeneration for trees (Figs. 2-4). 
In the four oaks, the most common status was crown survival with no basal resprouting 
(C). In Q. kelloggii, Q. agrifolia, and Q. garryana, basal resprouting was also common, 

Figure 3/ Post-fire status of saplings (height > 50 cm, DBH < 1 cm) in forest dynamics plots at Pepperwood. 
D = dead; TK+B = topkill + basal resprouting; B+C = basal resprouting + green foliage in crown; C = 
green foliage in crown with no basal resprouting. Sample sizes shown after each species name.
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but not in Q. douglasii. Quercus kelloggii exhibited fairly high levels of mortality, while 
Q. agrifolia had many individuals that were topkilled and resprouted at the base. Arbutus 
menziesii and U. californica both exhibited very high levels of basal resprouting, together 
with either topkill or green crowns, and low levels of mortality. Two of the understory 
shrubs, Heteromeles arbutifolia and Amorpha californica var. napensis, also had very high 
levels of topkill combined with basal resprouting. Pseudotsuga menziesii and Arctostaphylos 
manzanita are non-sprouting species, and individuals of these species were either killed or 
survived with a living canopy. For saplings, which are exposed to higher fire intensity in 
the understory, all species exhibited high levels of mortality or topkill combined with basal 
resprouting (Fig. 3; note very small sample sizes for some species).

The seven plots within the high-severity zone of the first night of the Fire were 
dominated by Q. agrifolia, Q. kelloggii, A. menziesii, U. californica, and P. menziesii 
(Fig. 2). Almost all of the hardwoods were topkilled, with high levels of resprouting, and 
little mortality. Pseudotsuga menziesii incurred very high mortality of trees and 100% 
mortality of saplings.

Discussion

The Tubbs Fire was a mixed-severity fire that burned through grasslands, chaparral, 
oak and mixed hardwood woodlands, and coniferous forest. A full range of fire severity 

Figure 4/ Post-fire status of trees and saplings for five species in high severity plots that burned on the 
first night of the fire. D = dead; TK+B = topkill + basal resprouting; B+C = basal resprouting + green 
foliage in crown; C = green foliage in crown with no basal resprouting. Sample sizes shown after each 
species name.
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was observed across vegetation types, with two typical crown-fire systems, chaparral and 
P. attenuata, exhibiting a higher proportion of high-severity fire.

Hardwoods (Quercus spp., A. menziesii, and U. californica) exhibit very high resprouting 
capacity, either from the base or from epicormic sprouts in the canopy (especially Q. 
agrifolia). Pseudotsuga menziesii and A. manzanita, which lack the capacity to resprout, 
experienced higher levels of overall mortality, especially in high-severity patches.

The role of fire in vegetation dynamics and potential vegetation type conversion is 
of great interest, especially in the face of a changing climate. Based on the extensive 
resprouting (as well as post-fire seed germination), stands of hardwoods are likely to 
recover with limited change in species composition. The most interesting changes may 
occur in fire-killed stands of P. menziesii. Some stands had a scattered understory of 
Quercus, Notholithocarpus, and U. californica, which are regenerating quickly from 
basal resprouts. Pseudotsuga menziesii is wind dispersed, and regeneration of seedlings 
dispersing from nearby seed trees is underway. Over the next decade or so, the boles 
of the dead trees will fall and create a tangled ground layer of fallen logs (with the 
possibility of novel fire regimes; Stephens et al. 2018). This mortality is a product of 
acute drought compounded by the long-established removal of a key ecosystem process: 
frequent, low- to moderate-intensity fire. The recent tree mortality has many implications 
for the future of these forests and the ecological goods and services they provide to 
society. Future wildfire hazard following this mortality can be generally characterized 
by decreased crown-fire potential and increased surface-fire intensity in the short to 
intermediate term. The scale of present tree mortality is so large that greater potential 
for “mass fire” exists in the coming decades, driven by the amount and continuity of dry, 

Figure 5/ Distribution of fire severity in different vegetation types for the portion of the Tubbs Fire in 
Sonoma County, CA in 2017.
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combustible, large woody material that could produce large, severe fires. For long-term 
adaptation to climate change, we highlight the importance of moving beyond triage of 
dead and dying trees to making “green” (live). Large high-severity patches are more 
likely to exhibit delayed recovery, due to dispersal limitation (Shive et al. 2013). 

The expansion of P. menziesii is a widespread management concern in coastal 
California. Seedlings and, at times, large trees, are manually removed in open space 
preserves to prevent overtopping of oak woodland (Barnhart et al. 1996). P. menziesii 
would have been more limited in a frequent-fire environment, due to the fire-sensitivity 
of the saplings. However, large trees have thick bark and are tolerant of all but the highest 
severity fire events, and persistent seed trees will continue to disperse seed across broad 
landscapes following fire events (Uchytil 1991). The mortality of numerous saplings and 
small trees in the Tubbs Fire may provide a window for local land managers to follow up 
with sustained removal of newly establishing saplings and maintain selected patches in 
hardwood or shrubland vegetation.

Photographers. Title page: Béatrice Chassé (Quercus kelloggii).
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ABSTRACT

As custodians of beautiful and beloved landscapes, people who care for botanical gardens 
must plan for not only the next few decades but for the next century and beyond. Climate 
change has been described as the biggest threat to our planet. For public landscapes that include 
horticultural plants that may be growing far outside their native range, it is a special concern.  
At UC Davis we are developing a 75-year plan that will allow us to transition the landscapes 
to a climate-ready campus. This Living Landscape Adaptation Plan (LLAP) will help our 
professional staff adapt the campus landscape to the likely impacts of climate change, 
dwindling water supplies, aging plant populations and plant health threats. With a focus on 
a far horizon of time the LLAP will guide the stewardship and development of the UC Davis 
campus landscape for the next 25 years, and beyond.
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Introduction

Climate change is arguably the most significant challenge facing managers of campuses, 
public parks, and botanical gardens today. Many of us have already been facing grave 
consequences of climate change in our gardens and parks, including managing recovery 
efforts after intense, prolonged rainfall events or the massive floods and mudslides that 
follow, cleaning up after stronger and more frequent hurricanes and other wind storms, 
losing collections entirely to hotter and more massive wildfires, and trying to conserve 
plants in living collections in the face of more frequent and more extreme episodes of 
both very hot and very cold weather events. 

As custodians of beautiful and beloved landscapes, people who care for botanical 
gardens must plan for not only the next few decades but for the next century and beyond. 
Climate change has been described as the biggest threat to our planet. For public landscapes 
that include horticultural plants that may be growing far outside their native range, it is a 
special concern. In California, climatic changes are clearly already underway: extended 
periods of drought are alternating with intense and frequent storms; in natural systems, 
forest species are gradually moving to higher elevations, bloom times of flowering plants 
have shifted, and patterns of mammal and migration patterns have changed. 

Living Landscape Adaptation Plan

At the UC Davis Arboretum and Public Garden, we are committed to environmentally 
responsible landscape management. Mary Burke, our Director of Conservation and 
Environmental Leadership, and Dr. Shannon Still, our Director of Plant Conservation, 
are working closely with the campus planning leadership at UC Davis to develop a 
75-year plan that will allow us to transition the landscapes of UC Davis to a climate-
ready campus. This UC Davis Living Landscape Adaptation Plan (LLAP) will help our 
professional staff adapt the campus landscape to the likely impacts of climate change, 
dwindling water supplies, aging plant populations and plant health threats. With a focus 
on a far horizon of time (75 years), this Living Landscape Adaptation Plan will guide the 
stewardship and development of the UC Davis campus landscape for the next 25 years, 
and beyond.

With the establishment of our first new climate assessment Learning by Leading team 
in 2016, we began to integrate student learning with the long-range planning for the UC 
Davis campus, as well as build the foundation of this plan upon the UC Davis faculty 
expertise and scholarship in climate modeling, plant science, water and soil systems, and 
the legendary environmental “know-how” at UC Davis. What the future will look like 
at the local level has become easier to see, thanks to the web-based climate adaptation 
planning toolkits provided by State of California’s scientific and research staff (Cal-
Adapt.org), along with even more localized climate studies done by Jim Thorne at UC 
Davis. In 2100, based on the projections of average maximum summer high temperatures, 
these tools predict that the climate of UC Davis may most closely resemble the current 
climate of Barstow, California in the western Mohave Desert (McBride and Lacan 2017).

Over the last year, Mary and Shannon hosted thoughtful, wide-ranging conversations 
with Arboretum and Grounds Department staff on five systems that cross all campus 
boundaries and potentially affect all landscapes, although to differing degrees. These 
are: (1) climate; (2) water; (3) site quality; (4) trees: sourcing, canopy, and conservation; 

International Oaks, No. 30, 2019
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Photo 1/ Quercus lobata (UC Davis Arboretum). 
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(5) educational and cultural goals for campus landscapes. These meetings were followed 
by flipping the conversation – and changing the combinations of people and teams who 
attended each discussion – to a series of meetings about four landscapes: 1/wildlands and 
rural landscapes; 2/agricultural and research fields and roadsides; 3/ learning landscapes 
(UC Davis Arboretum collections and GATEways Gardens), and the 4/central core 
landscapes (lawns, athletic fields, building landscapes; event spaces, etc.). 

One thing became very clear: each landscape type at the UC Davis Arboretum 
and Public Garden will have unique challenges ahead as we adjust to a new warmer 
climate. Each campus landscape type serves a unique audience – or multiple audiences 
– and, as the climate changes, must continue to meet the needs of these groups. Yet 
the appropriate response to climate change in any one campus landscape, as we adapt 
landscape management practices, is likely to be entirely distinct from the adaptation 
response needed by the other landscape types. What works in one landscape will not be 
suitable in another. For example, athletic and event fields in the central core landscapes 
of UC Davis are already managed in entirely different ways from the UC Davis research 
fields, which are administered by academic departments to support scientific research. 
In anticipation of extended heat waves and drought events, as the climate begins to shift 
even more radically, the managers of athletic and event fields may need to consult with 
turf experts at and beyond UC Davis to develop a long-term plan for new turf options 
that are more resistant to these emerging environmental conditions. In contrast, UC Davis 
research fields managers may not be able to alter the crop plants that are being researched 
or tested; however, these managers may wish to engage environmental planners as they 
“flip” their fields to new projects and get expert advice on how to design on-site water 
catchment basins that can capture water during intense rainfall events and help the field 
managers offset the negative impacts of overall declining water resources on campus. 

At the same time as we were exploring some of these distinct landscape needs, other 
systemwide goals – goals that we could help implement across all landscapes on the 5,300-
acre campus – emerged from these in-depth conversations. We are currently consolidating 
what we learned at each LLAP meeting into an integrated series of strategies and targets 
to reach key climate adaptation goals for the UC Davis campus. Some of these systems 
goals include:

A transformed canopy of trees
Building on research done here at UC Davis and beyond, this plan proposes replacing 

highly vulnerable species with trees better adapted to future conditions and gradually 
shifting the palette of trees commonly planted at UC Davis to trees that will provide the 
most environmental, social, and economic value in the future. A three-part approach is 
proposed: (1) resistance (to conserve especially valuable UC Davis trees, such as our 
redwoods and heritage oaks); (2) resilience (changes in management practices to help 
all UC Davis trees bounce back from coming climate shocks); and, (3) transition (slow 
system-level changes in the UC Davis tree canopy, richer in genetic diversity and right 
for a new climate).

A “cradle to ancients” plan for the trees of UC Davis
Realizing the benefits – shading, beauty, and so on – of a thriving campus-wide tree 

canopy depends on tree survival. Trees must grow for decades to reach a mature size 
and provide the environmental and socioeconomic benefits that ambitious tree-planting 
programs promise. The LLAP proposes an aggressive program that targets growing 
top-grade nursery trees, top-notch preparation of all planting sites, excellent water, 
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monitoring for pests and weeds, new student teams pruning young trees into promising, 
strong specimens, and professional crews managing and caring for the large mature trees. 
Similar plans for other campus landscapes will provide rich and diverse habitats across 
UC Davis.

Students and community teams integrated into the system
The LLAP builds students and learning into the system from the start. As we enter 

a new time of uncertainty and change, our staff and student teams will need to work 
together to launch pilot projects and then rapidly adapt, learn, and then share what they 
learn with all of us. We, in turn, will share what we learn here at UC Davis with a 
“network of networks”, via both national campus planning professional organizations 
and the larger international network of botanical gardens.

Other climate adaptation efforts at the University of California
In addition to the Living Landscape Adaptation Plan, other climate-adaptation work is 

also underway at UC Davis and at other botanical gardens across the U.S. and beyond. For 
example, the University of California – with 10 campuses across California – has pledged 
to become carbon neutral by 2025, becoming the first major university to achieve this 
goal. UC Davis has been in a leadership role for this University of California systemwide 
effort, by addressing campus issues around greenhouse gas emissions reductions, energy 
use, and energy sourcing in innovative practices and major investments. Thus, as part 
of this broader institutional network, the UC Davis ArbPG is actively involved in the 
much larger local and regional efforts to change operational, building, and management 
practices to meet UC Davis’ bold systemwide goals: (1) reduce greenhouse gas emissions 
by 2014 to the historic levels of 2000; (2) achieve 1990 levels by 2020; and, (3) become 
climate neutral university-wide. 

Photo 2/ Shields Oak Grove.
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Nationally and internationally, botanical gardens are mobilizing to face the climate 
challenges ahead: garden leaders are aware that, based on global surveys, up to a quarter 
of the plant species grown in botanic gardens might not survive the predicted changes 
to the world’s climate. In 2018, the Royal Botanic Gardens Victoria (RBGV) hosted an 
inaugural Botanic Gardens Climate Change Summit. Delegates invited to the inaugural 
summit represented botanical gardens from around the world that shared either close 
working relationships with RBGV on global initiatives or gardens that were from 
geographic/climate regimes that were facing many of the same climatic issues (e.g., 
increased frequency of severe droughts, wildfires, peak temperatures, etc.) currently 
facing the RBGV. Objectives included: 1/ laying the foundation for the establishment 
of a worldwide alliance of botanical gardens; 2/sharing and developing methodologies 
and tools for the management of living collections in the face of rapid climate change; 
3/forming new partnerships and creating a roadmap for the work ahead and 4/ focusing 
on immediate collaborative work of the new alliance to make significant progress on 
key objectives before the 7th Global Botanic Gardens Congress (Melbourne, Australia, 
February 7-11, 2021). The outcome of the inaugural Botanic Gardens Climate Change 
Summit was the formation of The International Botanic Gardens Climate Change 
Alliance and a charter document, entitled the Melbourne Declaration. The Alliance 
aims to use global collaboration to tackle the climate change threats facing plant species 
protected within botanical gardens. The co-creators of this Alliance signed a declaration 
“to safeguard life by protecting landscapes” and agreed that “the time for action is now”. 
Work is continuing across this new global partnership to develop new tools and ideas to 
help us all face the challenges ahead.

We look forward to sharing more information about the Living Landscape Adaptation 
Plan at the UC Davis Arboretum and Public Garden as the work continues. 

Photographers. Title page: Thierry Lamant (Quercus variabilis). Photo 1: Emily Griswold. Photo 2: 
Thierry Lamant. 
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ABSTRACT

California’s oaks are fascinating, diverse and beautiful. These fine trees and hardy shrubs 
define California landscapes and inhabit millions of acres from the southern San Diego border 
to the northern Siskiyous, from the Pacific Coast across the Central Valley into the foothills, 
valleys and canyons of the Sierra Nevada.  

Eight of California’s tree oaks are described, accompanied by images displaying their 
unique, defining physical characteristics, habitat preferences and natural history. These 
include members of three sections: section Lobatae (Red/Black Oaks): Q. kelloggii (black 
oak), Q. agrifolia (coast live oak), and Q. wislizeni (interior live oak); section Protobalanus 
(the Intermediate or Golden Oaks): Q. chrysolepis (canyon live oak); and section Quercus 
(White Oaks) Q. douglasii (blue oak), Q. engelmannii (Engelmann oak), Q. garryana (Oregon 
oak /Garry oak), and Q. lobata (valley oak). 

California’s oak landscapes have endured centuries of cutting, conversion, degradation and 
loss. Recognizing this, a statewide oak-habitat restoration ethic has emerged. One example of 
a successful restoration project is described in the conclusion.
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To be an oak

Oaks have occupied the land we now call California for millions of years. Here oaks 
have adapted and evolved in response to a dynamic landscape. Today they are central to 
our biodiversity. So, what does it mean to be an oak? 

To be an oak means to be a woody perennial bearing separate male and female flowers 
on the same plant. In early spring pendulous catkins release pollen that is wind borne, 
eventually landing on minute axillary female flowers. To be an oak means to produce 
acorns that ensure the next generation while providing a staple food resource for many 
species. To be an oak means to develop tough, strong wood. To be an oak means to have 
the potential for a long life and, for some species, the ability to grow to massive size. To 
be an oak means to be an integral part of California’s biodiversity. 

Wildlife and oaks

California oaks provide food and shelter to thousands of species: insects, amphibians, 
reptiles, birds and mammals. Over 5,000 insect species utilize our oaks. Over 200 species 
of tiny wasps produce distinctive galls to nourish and protect their young. More than 80 
species of amphibians and reptiles occupy the tree canopy, or hide in cavities and under 
downed wood.

Birds play a central role in the biodiversity of oak habitats. Of the 100 avian species 
that use oaks for breeding, only two, both corvids, Aphelocoma californica (California 
scrub-jay) and Pica nuttalli (yellow-billed magpie), play a role in oak regeneration. 
Annually, each California scrub-jay caches thousands of acorns and research shows that 
scatter-hoarding is an important seed dispersal mechanism for oaks (Pensendorfer et al. 
2016). The endemic and striking yellow-billed magpie also caches acorns. 

The fascinating Melanerpes formicivorus (acorn woodpecker) lives in family groups 
that cache acorns at centrally located granaries. The dazzling, cavity-nesting, tree-
perching Aix sponsa (wood duck) is another acorn consumer. A more controversial “oak” 
bird is Meleagris gallopavo (American turkey). The California Department of Fish and 
Wildlife introduced turkeys many times throughout the 1900s as a game bird. The current 
turkey population is estimated at 224,000 million spread over 20% of the state (Gardner 
et al. 2004). Their effects on ecosystems are still being debated.

Of California’s 170 land mammals, 60 consume acorns. The reproductive success of 
many mammals is related to the size of the prior year’s acorn crop, known as mast. A few 
of the mammals dependent upon mast include many members of the family Sciuridae 
(both tree and ground squirrels), Ursus americanus (black bears), Odocoileus hemionus 
columbianus (black-tailed deer) and members of the family Suidae (wild pigs born from 
the introduction of wild boars that bred with domestic pigs).

Human uses

Oak trees, their habitats, acorns and wood have been, and continue to be, valued by 
humans. Historically, many Native American tribes depended upon acorns as an important 
dietary component. It is estimated that a single family might use up to 909 kg of acorns per 
year (Hoover 1977). Acorns provide carbohydrates and fats, and can be stored for year-round 
use. Acorns continue to be used by many California Native Americans today (Ortiz 2008).

International Oaks, No. 30, 2019
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During the Spanish Colonial era, oak habitats were utilized for timber and livestock 
grazing. Later, these same areas were cleared for farmland. Today, an estimated 60% 
of wildland oak habitats is grazed by livestock. Increasingly, oak landscapes are being 
converted to housing and vineyards. Ironically, these new developments are often named 
for the oak habitat they replaced.  

Some of California’s oaks

California is home to ten tree-oak and about ten shrub-oak species as well as numerous 
hybrid forms, some of which are crosses between tree and shrub species. The following 
descriptions provide thumbnail sketches of eight of the most common tree species, 
describing the unique physical characteristics and habitat preferences that define them, 
along with key pieces of natural history and cultural relevance. These include members 
of three sections in the genus Quercus,1 subgenus Quercus: section Lobatae (Red/Black 
Oaks): Q. kelloggii (black oak), Q. agrifolia (coast live oak), and Q. wislizeni (interior live 
oak ); section Protobalanus (the Intermediate or Golden Oaks): Q. chrysolepis (canyon 
live oak; and section Quercus (White Oaks) Q. douglasii (blue oak), Q. engelmannii 
(Engelmann oak), Q. garryana (Oregon oak /Garry oak ), and Q. lobata (valley oak). 
Knowing what section an oak belongs to is particularly useful for field identification 
because hybridization occurs only between species in the same section, thus limiting the 
choice of possible parents.

Section Lobatae: Q. agrifolia, Q. wislizeni and Q. kelloggii

These species all have conspicuous bristles on leaf margins and acorn cups with 
shingle-like scales. With some exceptions, notably Q. agrifolia, acorn maturation is 
biennial.

Quercus agrifolia. The “live” in this tree’s common name, coast live oak, signifies that it 
is evergreen. This coastal oak grows 
within 80 to 100 km of the Pacific 
Ocean. Its range extends from Baja 
California (Mexico) to Mendocino 
County in California. The evergreen 
leaves are boat-shaped, slightly 
concave and have tiny hairs on the 
underside near the middle vein. This 
diagnostic feature is affectionately 
known as “hairy armpits” referring 
to the tufts of axillary hairs found 
on the underside of the leaf. Acorns 
mature in one season (i.e., they are 
annual). Trees can grow to 25 m in 
height and older trees may attain diameters of up to 2.5 to 3.5 m. Although it typically 
avoids sites that receive regular amounts of ocean spray, Q. agrifolia occupies estuary 

1. According to the most recent and widely accepted phylogenetic classification, the genus Quercus is divided into two 
subgenera : Cerris and Quercus. The former is divided into three sections (Cyclobalanopsis, Cerris and Ilex) and the latter 
into five (Quercus, Lobatae, Protobalanus, Ponticae and Virentes).

An Introduction to California’s Oak Diversity
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Photo 1/ Quercus agrifolia
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slopes and coastal bluffs, and grows on coast range hills and in valleys up to 1,400 m in 
elevation.

Quercus wislizeni. Also evergreen, this oak grows in interior coastal valleys and 
foothills of the Central Valley (hence its common name, interior live oak). Its range 
extends widely, from northern to southern California, between 90 and 1,400 m. Its 
slender tapered acorns, more deeply set in the acorn cup than those of Q. agrifolia, 

mature in two seasons (i.e., they 
are biennial). The evergreen leaves 
are flattened and more or less spiny. 
In open terrain the growth form is 
hemispherical – often as broad as 
tall. Up until the1800s miles-wide 
forests dominated by Q. wislizeni 
grew along the Sacramento River; 
today, only remnants of these forests 
remain after conversion to farmland 
in the 1800s and 1900s.  

Quercus kelloggii. The only 
deciduous member of section 

Lobatae in California, Q. kelloggii is also the most colorful in every season. It is is 
rarely found in pure stands, generally being associated with other oaks, conifers, and 
broad-leaved trees like Arbutus menziesii (madrone). Quercus kelloggii grows in upland 
areas from northern Baja California in Mexico to Vancouver in Canada at elevations 

between 300 and 2,400 m. Unlike 
most other California oaks, it often 
grows tall and straight, reaching up 
to 25 m in height with a distinctive 
stature and limbless lower trunk. 
After pollination, the large squat 
acorns, deeply set in the cups, take 
18 months to mature (i.e., biennial). 
The bristle-tipped, lobed, deciduous 
leaves are reminiscent of Eastern 
U.S. oaks.  

The beauty of this oak is visible 
every season of the year. The soft, 
early spring leaves are tinged with 
fuchsia while long golden catkins 
are suspended on the dark twigs. In 
summer, bright green leaves gleam 
as though polished. In fall, the color 
of the leaves transform to golden 
and russet hues before falling. 

Historically, Q. kelloggii acorns 
were prized by Native Americans 
and widely used in trade. Today they 
continue to be gathered, processed and 

Photo 2/ Quercus wislizeni

Photo 3/ Quercus kelloggii
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eaten. Notably, the acorns are tastier than those of other oaks, most likely due to the higher fat 
content (Wolf 1945).2 Currently it is the only California oak used commercially for lumber. 

Section Protobalanus: Quercus chrysolepis

This species is one of five in this section, including one mainland tree, one island tree 
and three shrub species (all of which are present in California). All Protobalanus are 
evergreen, leaves are never lobed, 
and may be spiny or toothed. The 
acorns are biennial.   

Common names for this 
evergreen oak include canyon live 
oak, golden-cup oak and maul oak. 
Its vast range extends from Mexico 
to Oregon. Within this range it can 
occupy both the fertile soils of 
canyons and tough, rocky slopes, 
at elevations ranging from 200 to 
2,600 m. While the acorn is green, 
the thick, distinctive cup is covered 
with a mat of fine golden hairs that 
resemble Turkish toweling, and this 
is reflected in the specific epithet – 
chrysolepis (chryso: golden; lepido: 
scale).

The upper surface of the leaves 
is shiny, bright green and the under 
surface has a dull matte color either 
golden or gray. This is due to the 
dense layer of tiny gold or silver 
hairs.

It is quite variable in habit 
and may be a shrub or a tree, but 
generally no taller than 25 m. Leaf 
shape and size are also extremely 
polymorphic: on the same tree, 
sometimes even on the same branch, one can find leaves with very spiny margins and 
others with very smooth ones – and everything in between! 

John Muir wrote a brief elegy to Quercus chrysolepis which he called “the oak of 
oaks  . . . a sturdy mountaineer” (Muir 1912). This oak, which produces very hard, dense 
wood, was prized for mauls and tool handles.

Section Quercus: Q. engelmannii, Q. garryana, Q. douglasii, and Q. lobata

Like the other species in this section, these four are semi-evergreen or deciduous, with 
rounded, lobed leaves, and annual acorns with knobby or warty cups. 

2. Generally, the acorns of section Quercus oaks are tastier (less bitter) than the acorns of section Lobatae oaks.

Photos 4a-b/ Quercus chrysolepis

a

b
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Quercus engelmannii. This oak has the most limited range, growing only in southern 
California and northern Baja California (Mexico). San Diego County hosts 90% of the 

population. Never more than 12 
m tall, it grows in dry areas that 
have less than 38 cm of annual 
precipitation, and at maximum 
altitude of 1,200 m. 

This oak is semi-evergreen, 
though in a drought year the bluish-
hued leaves may drop in the summer 
or fall. Like all White Oaks the 
acorns mature in one year and the 
cup often covers half of the acorn.

Much of the former range of Q. 
engelmannii has been converted 
to housing. The remaining stands 
are protected from development 
and are located on the Santa Rosa 
Plateau in southwestern Riverside 
County, the Cleveland National 
Forest and Camp Pendleton, a U.S. 
Marine base. Quercus engelmannii 
occurs with Q. agrifolia and various 
chaparral species. 

Quercus garryana. The range 
of this northern California oak 
extends from the San Francisco 
Bay Area into British Columbia. It 
grows in the inner coastal ranges at 
elevations from 300 to 1,200m. It 
may reach heights of 15-25 m and 
prefers wetter locations with 50 
to 130 cm of annual precipitation 
where it grows with Pseudotsuga 
menziesii, Arbutus menziesii and 
Umbellularia californica.

The deciduous leaves of Q. 
garryana are broad and lobed, 
though not as deeply as Q. lobata. A 

mature tree may assume a rather burly form. The acorns look “too big for their caps” and 
appear to protrude from the smallish cup. One distinctive Q. garryana habitat is located 
on California’s north coast. These “bald hills” are grass-covered ridges with Q. garryana 
and P. menziesii on their flanks and Sequoia sempervirens at the canyon bottoms. Until 
recently, these habitats were maintained through seasonal burning by Native Americans. 
In Oregon, it is harvested and used for making furniture and flooring.

Quercus douglasii. Endemic to California, this deciduous species defines the foothills 
of the Central Valley where it often grows in extensive, pure stands with individual 

Photos 5a-b/ Quercus engelmannii

a

b



43

An Introduction to California’s Oak Diversity

International Oaks, No. 30, 2019

trees that attain heights up to 20 m. It forms 
a distinctive ring or halo around the Central 
Valley below 1,200 m, an area that has been 
prime ranching and livestock grazing land for 
centuries.

Like with many trees, diameter and age are 
not always tightly correlated due to the effects 
of fire, drought, grazing and microclimates. In 
some regions, Q. douglasii will sprout after 
fire and grow to tree size; in others this does 
not occur.

The leaves are shallowly lobed and bright 
green when they emerge. As days lengthen 
and warm, a bluish protective wax covers 
the leaves. Although Q. douglasii occupies 
arid locations, it prefers the wettest of the 
dry areas and the driest of the wet areas, or in 
other words, the “best of the worst locations 
and the worst of the best locations” (Swiecki 
and Bernhardt 1998).

Quercus lobata. Also an endemic, Q. 
lobata is the largest and most statuesque of 
California’s oaks. They have the potential 
to reach massive heights, up to 50 m, and 
diameters of 4 to 5 m. The common name, 
valley oak, comes from their propensity to 
grow where the roots have access to year-
round water; they flourish below 600 m along 
rivers and streams and on fertile bottom lands. 
Stands located at higher elevations are usually 
associated with a perched water table or other 
year-round water source.

The acorns are large, long and cylindrical. 
The leaves are lobed, hence the specific epithet, 
lobata, with deeper and more angular lobes 
than Q. garryana. Some of the larger trees 
have been named, for example the Hooker 
Oak of Chico and the Henley Oak of Covelo. 
Along the Central Coast in San Luis Obispo 
County, the city of Paso Robles (Spanish for 
oak pass) is named after Q. lobata.

During my statewide oak regeneration 
survey (1984-85) I counted 550 tree rings in 
a freshly cut Q. lobata stump on Tejon Ranch 
in Southern California. I was told that the tree, 
with a diameter at the base of over 2 m, had 
been cut for firewood.

Photo 6/ Quercus lobata granary tree.
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Stewardship and restoration

Given the centuries of tree cutting, intense grazing and conversion of oak habitats, it 
is not surprising that an oak-habitat restoration ethic emerged in California. Since the 
late 1970s many oak habitat restoration projects have been implemented with varying 
success.

To close on an optimistic note, I present below photos, before and after, of a very 
successful Q. lobata and Q. douglasii restoration project on Lagoon Valley Park, 
Vacaville, CA. The project was organized by the non-profit Vacaville Tree Foundation 
in 1993. The initial acorn planting and subsequent seedling and sapling fencing were 
accomplished by volunteers (Bernhard and Swiecki 2015).

Photographers. Title page: Béatrice Chassé (Quercus chrysolepis). Photo 1: Rachel Davis. Photos 2, 3: 
Dirk Giseburt. Photos 4a-5b: Béatrice Chassé. Photo 6: Harry Baldwin.
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Figure 1/ Lagoon Valley Park, before planting in 1993 and 20 years after.
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Walter D. Koenig

ABSTRACT

How are oaks responding to a changing world? At Hastings Reservation in central coastal 
California, conditions have warmed an average of 1.08 oC over the past 80 years, primarily 
due to increasing temperatures at night over much of the year. These changes appear to have 
had no detectable effect on acorn production by any of the five species at this site. However, 
variability in acorn production – masting behavior – has decreased considerably since 1980, 
the first year for which data are available. This decrease is matched by decreased variability in 
annual rainfall over the same 39-year period, although over a longer, 80-year period the trend 
in variability of annual rainfall has been positive rather than negative. Even more dramatic 
effects on oak populations have been apparently due to changes in land use. In particular, 
canopy cover at Hastings increased from 22.2% to 42.7% between 1979 and 2013. This 
was primarily due to increased density of Quercus agrifolia, the main evergreen species, 
at the expense of the deciduous Q. lobata, a pattern that is found elsewhere in California as 
well. Understanding changing oak populations and protecting them in the future will require 
careful consideration of multiple factors, including climate change, land-use patterns, and 
other ecological factors such as interspecific interactions that will potentially be even more 
difficult to detect and interpret.
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Introduction

The only constant in the world is change. This truism has received particular attention 
in recent years due to the unprecedented rate of climate change that has already affected 
many populations (Walther et al. 2002) and is expected to impact many more in the future, 
including oaks. Complicating our understanding of climate change is that its effects 
vary greatly not only geographically but on a local scale, particularly in heterogeneous 
landscapes such as California. As a result, focusing on individual sites is critical if we 
are to take into account variability in the potential effects of climate change over larger 
geographic scales. 

One such site is Hastings Natural History Reservation (hereafter “Hastings”), a field 
station located in central coastal California approximately 40 km from the coast. Hastings 
was established in 1937 and has been a center for oak research since the 1960s, with early 
work by Keith White (1966) and James Griffin (1971), and, more recently, Pam Muick 
(1991), Ray Callaway (1992), and others. My own ongoing oak work has focused on 
acorn production and extends back to 1980. 

My goal here is first to quantify environmental changes that have taken place at 
Hastings since its founding in order to assess the extent of climate change at this site. 
Next I look at patterns of acorn production in order to identify whether any trends are 
evident, and if so, whether they are in accord with environmental changes. I look at 
both the size and variability of the acorn crop – the latter being the degree of masting 
behavior. Whether masting is likely to be affected by climate change is controversial, 
depending largely on the proximate mechanism driving annual variability (Pearse et al. 
2016). Finally, I discuss the vegetation changes that have taken place at Hastings since 
its founding due to changes in land use.

Methods

Weather data (daily maximum and minimum temperature and rainfall) has been taken 
continuously at Hastings headquarters since 1937. Hastings experiences a Mediterranean 
climate, with the vast majority of rain falling between October and April. Thus, data were 
analyzed by fiscal year (July through June).

Data on acorn production come from visual surveys conducted annually since 1980 
on 250 mature trees of five species, including Quercus lobata (valley oak; N = 86), Q. 
douglasii (blue oak; N = 56), Q. agrifolia (coast live oak; N = 63), Q. chrysolepis (canyon 
live oak; N = 21), and Q. kelloggii (California black oak; N = 20). Two observers scanned 
different parts of each tree and counted as many acorns as possible in 15 s; these counts 
were added to yield acorns per 30 s (“N30”). For analyses of variability, values were ln 
transformed (ln(N30+1)). Further details are available in Koenig et al. (1994a, b). 

Vegetation surveys were conducted in 1979 and repeated in 2013 using a modification 
of the 0.04 ha circular plot protocol of James and Shugart (1970). Samples were taken at 
613 sample grid cells covering approximately 230 ha of oak habitat. Within grid cells, we 
recorded the diameter at breast height (DBH) and the species of all trees that were >1 m 
in height. From this, basal area was estimated. Further details are presented in McMahon 
et al. (2015).

Analyses were conducted in R3.3.1 (R Core Team 2016). 

International Oaks, No. 30, 2019
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Results

Weather
Data for mean temperature and rainfall (Fig. 1) illustrate the considerable annual 

variability typical of Mediterranean climates, particularly of rainfall. Also noteworthy is 
that rainfall is not normally distributed. Rather, the data are highly left skewed, with 50 
of 79 years (63%) experiencing rainfall below the mean.

Over the 80-year period for which data are available there has been no significant 
change in either mean maximum temperature or annual rainfall (Fig. 1). Mean minimum 
annual temperature, however, has increased 0.0135 oC .year-1, for a total estimated increase 
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Figure 1/ Annual (a) mean maximum temperature; (b) mean minimum temperature; and (c) total 
rainfall at Hastings Reservation. Data are for fiscal years (July through the following June), 1937-38 to 
2017-18. Solid lines connect the annual values; dashed lines are the regressions. Pearson correlations 
and their p-values are listed; only the regression for time on mean minimum temperature is significantly 
different from zero.
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of 1.08 oC over the 80-year period. The rate of increase since 1980 when acorn surveys 
were begun (0.0195 oC . year-1) has been even more dramatic. 

Predicted changes in mean maximum temperature by month (Fig. 2a) show that 
although there has been no overall annual change, mean maximum temperature in 
March has increased by 1.9 oC, a value offset by an equivalent decrease in December. 
Comparable changes in mean minimum temperatures by month (Fig. 2b) illustrate that all 
but three months have warmed significantly with increases up to 2.06 oC. 

Acorn production
There have been no significant trends in mean acorn production by any of the five 

species surveyed (-0.17 < r < 0.06, all p > 0.3). As an example, data for Q. douglasii is 
graphed (Fig. 3a). 

Figure 2/ (a) Predicted change in mean maximum temperatures by month over 80 years; hatched bars 
are statistically significant (p < 0.05); (b) Predicted change in mean minimum temperatures by month 
over 80 years; hatched bars are statistically significant (p < 0.05).
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Figure 3/ (a) Mean acorn crop (acorns counted in 30 s per tree) for Q. douglasii at Hastings, 1980 – 2018; 
n = 56 trees. The regression (dashed line) indicates no temporal trend. (b) Coefficient of variation in the 
mean (ln-transformed) acorn crop of all five oak species combined based on 10-year moving averages, 
1980-1989 to 2009-2018. The regression (dashed line) indicates a strong negative trend in CV over time. 
(c) Coefficient of variation in annual rainfall based on 10-year moving averages, 1980-1989 to 2009-
2017. The regression (dashed line) is drawn. (d) Coefficient of variation in annual rainfall based on 10-
year moving averages, 1939-1940 to 2009-2017. Note the positive regression (dashed line), in contrast to 
the pattern observed when analyzed starting in 1980-1989.
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Variability
Based on 10-year moving windows starting with 1980-1989, annual variability in 

acorn production as measured by the coefficient of variation (CV) decreased in four of 
five species, significantly so for Q. douglasii and for all species combined. The latter was 
true whether CV was calculated by combining all individuals regardless of species (Fig. 
3b) or by averaging (within years) the CVs of the five species (r = -0.48, p < 0.01). 

Over the same 39 years covered by the acorn survey there was a significant decrease in 
the CV of annual rainfall (r = -0.74, p < 0.001; Fig. 3c). This trend correlated significantly 
with the CV moving window of overall acorn production (r = +0.37, p = 0.05) and with 
that of Q. douglasii (r = +0.47, p = 0.01). 

Patterns of environmental variability depended on the time period considered, however. 
Over the entire 80-year period the trend in rainfall variability was actually positive (Fig. 3d).

Species composition
Overall, the percent canopy cover 

at Hastings increased significantly 
between 1979 and 2013, almost 
doubling from 22.2% to 42.7%. 
This was primarily attributable to 
a significant increase in density of 
Q. agrifolia, the main evergreen 
species at Hastings, while the 
density of Q. lobata, one of 
the primary deciduous species, 
decreased (Fig. 4). An illustration 
of the dramatic increase in canopy 
cover due to the regrowth of oaks at 
this site is shown in Fig. 5. 

Discussion

Although our study site has experienced no trends in either mean maximum temperature 
or annual rainfall, mean minimum temperature has increased by over 1 oC in the past 80 
years. In short, nights are not as cold as they used to be. This trend is evident for almost 
every month of the year. December is the only month that has become colder, whereas 
minimum temperatures in late winter (January-March) and late spring through summer 
(May-October) have significantly increased.

Thus far, however, there appear to have been no effects of these changes on overall 
acorn production, at least as measured by our visual surveys. Interestingly, mean 
maximum temperature in early spring – specifically during April – has a particularly 
strong correlation with subsequent acorn production in several of the key species in our 
study site (Koenig et al. 1996). Given that there has been virtually no change in mean 
maximum April temperature (Fig. 4), the lack of any trend in overall acorn production 
is perhaps unsurprising. Whether increasing temperatures during other times of the year 
will eventually affect resources in a way that impacts overall acorn production remains 
to be seen.

In contrast, variability of acorn production – masting behavior – has decreased over the 

Figure 4/ Change in number of stems (trees . ha-1) by oak 
species at Hastings, 1979 to 2013. Error bars represent 
two standard errors of the mean. * = significant change in 
the mean at the 95% confidence level; ns = not significant. 
Redrawn from McMahon et al. (2015). 
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past 39 years, significantly overall and for Q. douglasii. This is surprising, particularly 
given a recent meta-analysis that found increased variability in seed production among 
masting species over the past century (Pearse et al. 2017). This finding was hypothesized 
to be driven either by increased environmental stress or greater environmental variability. 
Supporting the latter hypothesis here is the concordant decrease in environmental 
variability in annual rainfall over the same 39-year period. There is little reason to count 
on this pattern continuing into the future, however, given that environmental variability 
over the longer, 80-year term has been in the opposite direction. In any case, these 
results indicate that changes in masting behavior are occurring and provide support for 
the hypothesis that climate change influences masting patterns through its effects on 
environmental variability (Koenig et al. 2015).

Climate change is not, however, the only, and perhaps not even the most important, 
factor influencing oak populations. At our site in central coastal California, changes in 
land-use patterns have clearly affected oak communities. This has been most evident 
in terms of the regrowth of oaks that were widely cleared in the early part of the 20th 
century during California’s ranching era. Quercus agrifolia has been particularly 
successful during this period, to some extent at the expense of the deciduous Q. lobata. 
A similar trend of an increase of evergreen vs. deciduous oaks has been noted elsewhere 
in California (Tyler et al. 2006; Dolanc et al. 2014). 

Clearly there are multiple factors that affect oaks and oak communities. Here we have 
focused on two of the most obvious, climate change and land-use patterns. Others, such as 
interspecific interactions, remain to be investigated. Understanding the changes that have 
occurred in the recent past is only the first step in what will hopefully be an integrative 
approach to protecting the oak populations of the future.
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Figure 5/ Representative photos of Hastings taken from the same location (across from the School 
House, which is hidden by foliage in the more recent photo) illustrating the regrowth of oaks during the 
71 years between 1931 (a) and 2002 (b). 
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I listened to all the session reels. There were some low moments, some starts and stops. 
But with all that music, what we know as Bitches Brew could have been assembled twenty 

different ways.

Bob Belden, producer of the 1999 
Bitches Brew reissue (Szwed 2004).

Thus, there is not one history with which we can describe the relationship of our genome 
to the genomes of the African apes, but instead different histories for different segments 
of our genome. In this respect, our genome is a mosaic, where each segment has its own 

relationship to that of the African apes.

Svante Pääbo, Director of The Department of Genetics 
Max Planck Institute for Evolutionary Anthropology

Leipzig (Pääbo 2003).
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The past two weeks, I have listened about a dozen times to Joe Zawinul’s “Pharaoh’s 
Dance,” the first track on Miles Davis’ album Bitches Brew. I encourage you to pull 
the album from your shelf if you have it or play it online. The song starts out with a 
driving vamp on the electric piano, drum steady, pushing you forward… but at 1 minute 
40 seconds, it may strike you that the song has changed tracks, starting over from the 
beginning, abruptly, as though the tape had been cut and a second take of the opening 
spliced in. It had: the song was strongly edited in post-production to execute Miles’ 
vision. Hours of studio time between August 19 and 21, 1969 were distilled and run 
through effects, looped, spliced together by producer Teo Macero and Miles over the 
months that followed to make the final recording of 20 minutes, 5 seconds in length. 
“Pharaoh’s Dance” as we know it now is a mosaic created of 19 different edits. The final 
piece – the album as a whole – was not even immediately recognizable to some of the 
musicians who recorded it.1 Yet I must have listened to it scores of times over the course 
of about 20 years before I gave any thought to where each section came from. When I 
listen to this song and to the title track of the album, which is almost as heavily edited, 
it works as a whole.

Oaks are similar: when we look at an oak, we see one organism, despite the fact that 
each of the estimated 25,808 genes in the oak genome has a unique history (Plomion et al. 
2018). The history of those genes may be described as the history of gene duplications, 
divergences, origins and extinctions of alleles, some of which differ from each other 
functionally – some contributing to a longer petiole, some contributing to earlier flowering 
– but most of which will contribute little or not at all to adaptive differences between 
individuals (Ohta 1992). Because of the recombination that happens at meiosis, the many 
genes on a chromosome, even adjacent ones, may have different histories.2 Gene histories 
give us some of the best information we have about the history of speciation, but that 
relationship between the evolutionary history of alleles and the origins of populations 
and species is not straightforward (Maddison 1997; Knowles 2009). To the contrary, 
every individual’s genome comprises genes whose alleles may have arisen within the 
species to which that individual seems to belong, others that were born long before that 
species arose and are shared by descent among numerous species, and still others that 
shuttled into the population from a different species by hybridization (Wendel and Doyle 
1998). An oak’s genome – as any species’ genome – is a mosaic spliced together from 
disparate histories of genes and genome regions (Pääbo 2003; Baum and Smith 2013).

When an oak population first becomes geographically isolated from others of its species, 
it is little if at all distinguishable from the populations from which it arose (Darwin 1859). 
It might harbor some uncommon alleles that help it adapt to a new environment and that 
consequently have the potential to increase rapidly in frequency in the population. If 
present, these alleles may belong to genes that inhabit inverted chromosomal segments, 
dragging a range of genetic variation along with them, protecting a whole region of the 
genome from mixing with other populations (Ayala and Coluzzi 2005; Rieseberg 2001)3 

1. “I didn’t really like the sessions at the time,” Zawinul reminisced. “I didn’t think they were exciting enough. But a short 
while later I was at the CBS offices, and a secretary was playing this incredible music. It was really smoking. So I asked 
her, “Who the hell is this?” And she replied, “It’s that Bitches Brew thing.” “I thought, Damn, that’s great.” (Tingen 2017)
2 This is true even at the base of the “Tree of Life,” where bacteria, eukaryotes, and archaea may have traded genes 
extensively during the early divergences of life’s three domains… and continue to today (Pennisi 1998; Quammen 2018).
3. These regions must be small if present at all in oaks, as the oak genome is remarkably conserved, exhibiting only very 
fine scale rearrangements across the entire family (Bodénès et al. 2012; Barreneche 2004; Cannon et al. 2018; Kremer et 
al. 2012).
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or perhaps allowing that variation to accumulate, providing fodder for future speciation 
(Fuller et al. 2018; Han et al. 2017). Whatever novelties there are in this isolated 
population are likely to be minor, at least in oaks, because oak populations each contain 
a large proportion of the genetic variation in their species as a whole (Michaud et al. 
1992; Muir and Schlötter 2005; but cf. Lexer et al. 2006). Indeed, trees as a group tend to 
be highly genetically variable within compared to among populations (Hampe and Petit 
2006), and we therefore expect tree speciation to be messy. A large ancestral population 
with high genetic variation gives rise to populations with high genetic variation, which 
because of trees’ large effective population sizes will only slowly lose shared alleles 
(Hudson and Coyne 2002). As a consequence, many individual genes we look at will fail 
to distinguish species from each other.

In the past few decades, it has become clear that so long as we have sampled a large 
number of nucleotides from across a wide range of the genome, we can generally detect 
species boundaries in oaks using population genetic and conventional phylogenetic 
approaches (Muir et al. 2000; Hipp and Weber 2008; Cavender-Bares and Pahlich 2009; 
Guichoux et al. 2011; Fitzek et al. 2018) or phylogenetic approaches that explicitly 
account for random sorting of ancestral genetic variation (Ortego et al. 2017; McVay et 
al. 2017a, b; Eaton et al. 2015). Most of the time, sophisticated analytical methods are 
not needed;: when we analyze large volumes of data using conventional methods, the 
history of population divergence generally swamps the signals of random allele sorting 
and hybridization (Hipp 2015; Rokas et al. 2003). We recover species boundaries and 
phylogenetic histories that are consistent with morphology, ecology, and biogeography 
(Fitz-Gibbon et al. 2017; Cavender-Bares et al. 2015; Hipp et al. 2018). Occasionally, 
however, our efforts to reconstruct relationships among species and populations will be 
fouled up even with large numbers of genes, and these cases serve as a reminder that oak 
genomes are stitched together from histories that may differ dramatically from one another. 
The seams between the genes are sometimes obvious ecologically or morphologically, 
like the transition at 1:40 on “Pharaoh’s Dance.” You have probably at least once stood 
in an oak population and puzzled over the imprint of genes introgressed from another 
species you knew well. Such moments of discordance draw our attention to the myriad 
splices that comprise the oak genome. They serve as a point of entry into the editing 
room, where we can unravel the varying histories from the bits of recording tape strewn 
across the table. Each alternate history that we infer gives us a clearer understanding of 
what an oak species is and where its constituent bits arose.

The origin of the Eurasian White Oaks (McVay et al. 2017a), the Roburoids, is just 
such a case study.4 When my colleague Ian Pearse visited our lab in 2009 to generate the 
first well-resolved, species-level phylogeny for White and Red Oaks (Pearse and Hipp 
2009), we found the Roburoids to form a distinct lineage (Fig.1), despite the fact that 
they had not in previous studies been genetically distinguishable as a group from the 
North American oaks (Denk and Grimm 2010; Oh and Manos 2008).5 The Roburoids 
were placed sister to all other White Oaks except for the live oaks of section Virentes, 
which matched previous findings based on analysis of chloroplast and nuclear ribosomal 
DNA (Manos et al. 1999) and was satisfying from a biogeographical standpoint. This 
4. For another equally fascinating case study, see John McVay’s exciting and beautifully illustrated (2017b) study of 
Quercus gambelii and its relationship to Q. macrocarpa and Q. lobata (McVay et al. 2017a).
5. Presciently, Denk and Grimm (2010) found that Q. pontica, traditionally treated as a Roburoid, was genetically 
distinguishable from the other White Oaks (Denk and Grimm 2010). At that time, we did not yet have confirmation of the 
relationship between Q. pontica and Q. sadleriana.
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Figure 1/ AFLP phylogeny, showing Roburoids sister to the remaining White Oaks (from Pearse and 
Hipp 2009).
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result was, however, not robustly supported, and it seemed sensitive to which subset 
of our data we analyzed. Moreover, this result was based on amplified fragment length 
polymorphism data, which provide less precise information about genetic similarity 
and relatedness than sequence data do. As a consequence, when, in our next published 
phylogeny (Hipp et al. 2014), based on much more and higher quality genomic data, 
the Roburoid oaks popped out sister to the Eastern North American Quercus alba and 
Q. michauxii (Fig.2), we were fully prepared to accept the change in the story. This 
was exciting, though not entirely new: the placement had been found previously using a 
single-copy nuclear gene, CRABS CLAW, albeit with low support (Oh and Manos 2008), 
and a relationship between the Eastern North American and East Asian White Oaks that 
approximated the groups we recovered had been hypothesized in the 1980s based on 
morphological data (Axelrod 1983). We thought that the problem was solved: with high-
quality genomic data, the origins of the Roburoid oaks were safely pinned to Eastern 
North American ancestors. 

Problems arose, however, as we added more species to the dataset. In different analyses 
on the same data, we found two fascinating things. First, two chestnut-leaved White Oaks 
growing approximately 6,000 miles from each other – Q. sadleriana of California, Q. 
pontica of the Caucasus – consistently found each other as phylogenetic sisters and fell, 
together, sister to all of the remaining White Oaks, including the Virentes. No matter what 

Figure 2/ First oak RAD-Seq phylogeny, showing Roburoids sister to Quercus alba and allies (from Hipp 
et al. 2004).
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we did or how we attacked the data, this result stood. These two species are now treated 
as Quercus section Ponticae, making them the smallest section in the genus (Denk et al. 
2017). Second, the Roburoids were phylogenetically unstable, moving between the two 
positions that had shown up in our two earlier papers depending on how we analyzed the 
data (Fig. 3). As we varied taxon sampling, sampling of individuals within taxa, genomic 
clustering parameters, and sampling of subsets of loci, section Ponticae either fell sister 
to the remaining White Oaks, forming the second lineage to diverge after Q. sadleriana 
+ Q. pontica; or sister to a clade of three Eastern North American species (Q. alba and 
Q. michauxii as shown before, plus Q. montana, which we had not previously sampled). 
The instability was unsettling. 

With meticulous work, however, the postdoctoral researcher on this project, John 
McVay, discerned that there were genuinely two stories embedded in the genome. The first 
was a sister relationship between the Roburoids and Q. alba and company; the second was 
a close relationship between Q. pontica and the Roburoids, but not between Q. sadleriana 
and the Roburoids. This was peculiar. By necessity, all species in any single clade are 
equally closely related to all species of any other clade you chose, provided that all genes 
are inherited along ancestry lines defined by the phylogeny. Thus Q. pontica could only 
be more closely related to the Roburoid White Oaks if genes were moving along some 
path other than the dominant phylogeny. The most straightforward explanation for this 
is introgressive hybridization in Europe between Q. pontica and the Roburoid oaks. A 
history of crossing and backcrossing between Q. pontica and the Roburoids had shuttled 
genes from Q. pontica into the Roburoids, dragging the Roburoids out to the edge of 

Figure 3/ The resolution: the two placements of the Roburoids that resolve from alternative analyses 
of RAD-Seq data. There are two stories in the genome, one resulting from ancient introgression (left 
panel), one from speciation and population divergence history (right panel) (from McVay et al. 2017a).
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the White Oak phylogeny while leaving little if any obvious morphological evidence of 
the gene flow.6 Eliminating genes that appeared to be subject to introgression between 
Q. pontica and the Roburoid White Oaks, McVay recovered what we believe to be the 
correct placement of the Roburoid White Oaks sister to Eastern North American Q. alba 
and its kin, returning us to Axelrod’s (1983) prediction, but with refined definitions of the 
lineages involved. 

All organisms are genomic mosaics. Modern humans have alleles that arose in 
chimpanzee and Neanderthal populations, some of which appear likely to have been 
under selection in anatomically modern humans as they migrated into Asia (Simonti et 
al. 2016). More dramatically, a gene crucial to building the mammalian placenta arose in 
mammals from a series of parallel retroviral infections (Quammen 2018). In other words, 
chimp, Neanderthal, and viral genes have all shaped the fitness of modern humans. In the 
same way, advantageous alleles appear in some cases to flow between oak species in ways 
that facilitate shared adaptations (Cannon et al. 2018; Khodwekar and Gailing 2017) and 
might play an important role in the evolution and persistence of species (Anderson 1953; 
Cannon and Lerdau 2015; Hampe and Petit 2006) in other cases, selected genes appear 
to differentiate species even in the face of ongoing gene flow across the remainder of the 
genome (Oney-Birol et al. 2018). We are only beginning to get a sense of which of these 
stories is more generally the case: selection as a barrier to gene flow versus gene flow as 
mechanism by which adaptations are shared among species. With two good oak genomes 
online now (Plomion et al. 2016, 2018; Sork et al. 2016) we are finally in a position to 
start focusing on the seams between genes, on the discrete and variable histories that 
make up oaks. We can start to ask a previously unanswerable question: what do we mean 
by “species” and “phylogenies” when we are talking about oaks? 

The answer to this question, like the meaning of “Pharaoh’s Dance,” probably does 
not rest in any single set of genes or edits. While it appears there are genomic islands 
of differentiation among closely related oaks (Scotti-Saintagne et al. 2004), at least 
some of which are conserved among major clades Sullivan et al. 2016), it may turn out 
that the genes that distinguish Q. macrocarpa from Q. bicolor in Wisconsin are not the 
genes that distinguish it from Q. stellata in Missouri.7 Integrating over all the stories in 
the genome will require us to build on phylogenomic approaches that explicitly model 
divergence with gene flow, as reviewed in the earlier paragraphs. But such an integration 
risks painting a simplistic single story over the more than 25,000 splices that make up 
the genome of the Q. bicolor in my front yard. The most interesting story underlying the 

6. Edgar Anderson, in his seminal Introgressive Hybridization (Anderson 1949), made the point that hybridization is 
probably most important in organismal evolution when it is least obvious. He writes, “If introgression proves to be a 
primary factor in evolution it will be because it so greatly enriches variation in the participating species. As raw material for 
evolution, the bizarre hybrid swarms described in Chapter 1 are not so important as the Asclepias introgression described 
by Woodson (1947), which was barely noticeable in any one locality and extended as a trend through a long intermediate 
zone. By the time of the third backcross of the original hybrid to one of the parental species, there would be little or no 
external indication of hybridity in the mongrel progeny. Yet in terms of gene frequencies, the effects of introgression in 
such mongrels would far outweigh the immediate effects of gene mutation” (pp. 61-62). The Roburoid oaks may be such 
a case. As a side-note, it is remarkable to an oak enthusiast to find that the genus Quercus did not make it into this (1949) 
book, though two references to introgression in the genus showed up in Anderson’s 1953 Biological Reviews article of the 
same title (Anderson 1953).
7. The reader will probably recognize Leigh van Valen here, who wrote, “It may well be that Quercus macrocarpa in 
Quebec exchanges many more genes with local Q. bicolor than it does with Q. macrocarpa in Texas” (Van Valen 1976). 
The idea is similar, though I consider that van Valen’s concern has largely been put to rest by molecular studies of the past 
20 years, beginning most resoundly with Muir et al. (2000) and reviewed in two previous articles (Hipp 2015; Hipp 2016) 
in this Journal.
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oak phylogeny may reside in the seams themselves, the sutures between the genes, the 
changes from one story to another.  

“Pharaoh’s Dance” could have been assembled 20 different ways. Oaks are similar, 
assembled from the scraps of tape that make up the oak genome. But unlike “Pharaoh’s 
Dance,” of which there is only one realization, there have been millions upon millions of 
Q. bicolor, all assembled differently.8 This fall, as I kick up the Q. alba and Q. macrocarpa 
and Q. rubra litter on my bike ride into work, I see alleles spliced in from everywhere. Are 
all these genes interchangeable? Are there a select few that have the power to change one 
species to another? What are the limits to gene flow and recombination? How disparate 
are the histories that make up the individual Q. alba growing in The Morton Arboretum’s 
East Woods? Those are questions for the coming decade.
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ABSTRACT

Oak species are key elements in a wide variety of ecosystems in the Americas, and are 
particularly important in Mexico. With at least 161 species, it is an important center of oak 
diversity in the world. Unfortunately, factors such as the fragmentation and degradation of 
natural habitats, the modification of environmental conditions due to climate change and 
the lack of clear environmental policies, are favoring the loss of oak species. Here I present 
a brief review of genetics and conservation studies of Mexican and Neotropical oaks to 
illustrate that loss in oak species richness is all the more tragic given the impressive diversity 
of evolutionary processes and history that hides behind a single Quercus species. Finally, I 
present a few perspectives on the conservation of Quercus species considering the current 
situation of the Natural Protected Areas and botanic gardens in Mexico.  
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Introduction 

Quercus (Fagaceae) is a major genus that has recently been proposed as a model clade 
for the study of several ecological and evolutionary processes (Cavender-Bares 2018). In 
Mexico the genus Quercus is highly diverse with ~161 species (Valencia-A. 2004) that 
represent the most important naturally assembled biomass reservoirs (Cavender-Bares 
2018). From an evolutionary perspective, oaks have been important subjects in the study 
of several processes such as introgression, local adaptation and speciation (Cavender-
Bares 2018). Despite their importance, it was not until 2008 that oak studies became 
frequent (>20 papers per year) in the scientific literature for Mexico and the Neotropics.

Since 2008, 433 research papers on oaks have been published in areas such as 
agricultural and biological sciences (369), environmental science (135) and biochemistry, 
genetics and molecular biology (36). Such numbers reflect the interest of the academic 
community in the study of oaks. However, considering just the species richness for 
Mexico, this academic productivity still seems quite low. Despite current gaps related 
to the ecological and evolutionary knowledge for most of the oak species in Mexico and 
the Neotropics, there have been important advances in both areas. Here I present a brief 
review of the main contributions on Quercus genetics and conservation for Mexico and 
the Neotropics and some perspectives on oak conservation.

Oak genetics 

Most of the genetic studies of Mexican and Neotropical oak species have focused 
on hybridization, gene flow and phylogeography. Despite the differences between 
disciplines, most of the studies dealing with oak genetics have arrived at similar 
conclusions: Mexican and Neotropical oak species have complex evolutionary patterns 
associated with processes of introgression and hybridization, and with the geological and 
climatic history of the region. 

For the Mexican oaks, Ashley et al. (2018) studied the genetic variation and structure 
of two oak species (not endemic to Mexico), Q. tomentella and Q. chrysolepis, using 
nuclear microsatellite loci (nSSR). They found that (despite high levels of clonality in Q. 
tomentella) both species exhibit high levels of genetic diversity. Rodríguez-Gómez et al. 
(2018) reported high levels of genetic diversity and genetic structure using chloroplast 
microsatellite loci (cSSR) in Q. deserticola, a species associated with the Mexican dry 

highlands. This study suggests that 
phylogeographic structure was 
defined by low levels of seed-
mediated gene flow. Oyama et al. 
(2017) characterized the genetic 
variation and outcrossing rates using 
cSSR in Q. castanea, observing 
high levels of genetic diversity and 
suggested the presence of extensive 
gene flow among forest fragments 
and isolated trees.

Species complex, such as 
in section Virentes (illustrated 

International Oaks, No. 30, 2019



65

particularly by Q. oleoides) have 
been intensively studied from 
phylogenetic, phylogeographic and 
population genetics approaches 
(Cavender-Bares et al. 2011, 2015; 
Deacon and Cavender-Bares 2015). 
Other authors (e.g., Ortego et al. 
2014) have studied the factors 
that drive the genetic structure 
in Nicaraguan populations of Q. 
segoviensis using nSSR, concluding 
that geographic isolation is the 
main cause that determines 
the distribution of the genetic 
variation. Rodríguez-Correa et al. 
(2018) studied the genetic variation and phylogeographic structure in two Costa Rican 
species, Q. bumeliodes and Q. costaricensis, using cpSSR and reported high levels of 
genetic diversity and demographic scenarios determined by climatic changes during the 
Pleistocene. Similarly, Rodríguez-Correa et al. (2017) described the phylogeography of 
two widely-distributed species, Q. insignis and Q. sapotifolia, and reported a hypothetical 
Central American origin of the genetic diversity of both.

Hybridization has been intensively studied, for example between Q. crassifolia and 
Q. crassipes (Tovar-Sánchez and Oyama 2006) and between Q. affinis and Q. laurina 
(González-Rodríguez et al. 2004; Ramos-Ortiz et al. 2016). There have also been interesting 
reports of hybridization between at least three taxa: Q. hypoleucoides, Q. scytophylla 
and Q. sideroxyla (Peñaloza-Ramírez et al. 2010) using nSSR and morphological 
characterization of leaf shape. The authors described intermediate morphological types, 
low levels of genetic differentiation, evidence of several hybrids, backcrosses and even 
triple hybrids. Other hybridization studies in oak species have also demonstrated that the 
intensity of herbivory of the canopy by arthropods is higher in the progeny of hybrids 
between Q. affinis and Q. laurina (Maldonado-López et al. 2018). 

Oak conservation

Globally the main threats to oak conservation are the changes in land use and the 
production of timber and coal (Oldfield and Westwood 2007). In Mexico the main 
threats to species diversity are the destruction and fragmentation of natural habitats. 
Mexico represents an extremely important place for oak conservation due to its species 
richness, their high endemism – 109 endemic species according to Valencia-A (2004), 
and complex evolutionary and ecological history (Cavender-Bares 2018). Despite the 
importance of oak species in Mexico, there are few investigations that deal directly with 
oak conservation. Using A1 and B2 climate change scenarios of the Intergovernmental 
Panel on Climate Change (IPCC), Rojas-Soto et al. (2012) have estimated a potential 
reduction of oak species in the Mexican Cloud Forest (MCF) of between 54 to 76%. The 
MCF is therefore not only one of the most diverse ecosystems in Mexico, harboring at 
least 31 threatened oak species (González-Espinoza et al. 2010), but also one of the most 
threatened (Vega et al. 2000).

Genetic Diversity and Conservation of Neotropical Oaks
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Photo 2/ Quercus oleoides
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Photo 3/ Quercus crassipes
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Similarly, several studies have modeled the effects of climate change on the species 
distribution and have proposed that climatically suitable conditions for oaks will decrease 
by approximately 11 to 48%, affecting species such as Q. crispipilis, Q. peduncularis, 
Q. acutifolia (Gómez-Mendoza and Arriaga 2007), Q. laurina and Q. ocoteifolia 
(Gutierrez and Trejo 2013). Several studies have also focused on the description of the 
distribution of oak species diversity. Such studies developed by Torres-Miranda et al. 
(2011) highlight the most important 
areas for conservation of section 
Lobatae species in the Sierra Madre 
Oriental and Serranias Meridionales 
of Jalisco. Similarly, Rodríguez-
Correa et al. (2015) described the 
changes in Neotropical oak-species 
composition through latitudinal and 
longitudinal gradients, highlighting 
the uniqueness of several areas 
and distribution patterns mainly in 
southern Mexico.

Currently, most of the studies 
dealing with the conservation of 
particular oak species have as 
primary goal the description of regional diversity (usually species richness), but few 
test or describe ecological changes led by processes such as habitat fragmentation or 
degradation. However, there are important studies such as the work done by Montes-
Hernández and López-Barrera (2013) in MCF endangered species. The authors studied 
the niche regeneration and the adaptive strategies of Q. insignis and reported that seedling 
survival varies from 24 to 34% under natural conditions due to the presence of light 
gradients that favor different responses in plant growth.

Conservation perspectives 

It is apparent that oaks in Mexico are extremely diverse, show high levels of endemism 
and have a complex evolutionary and ecological history. This diversity is currently 
threatened due to several factors such as global climate change and habitat fragmentation 
and modification. Studies led by The Morton Arboretum suggest that at least 40% of 
Quercus species in Mexico are likely threatened, and our estimates indicate that 97 oak 
species are currently protected under the Natural Protected Areas (NPA) system in México, 
with 59 of these represented in ex-situ collections in Mexican Botanic Gardens (MBG). 
Together, NPA and MBG harbor 118 oak species (59 unique to NPA and 20 unique to 
MBG). Our climate change projections to 2080 suggest that only 10% of the total NPA 
current territories will retain climatically suitable conditions for oak development. 

Conservation of the genus Quercus, not only in Mexico but in all the Americas, 
is critical. It is imperative that we increase our knowledge of the biology, ecology, 
evolutionary history and conservation status of oak species in order to preserve this 
important, complex, diverse and interesting clade.

Photo 4/ Quercus laurina
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Photographers. Title page: Béatrice Chassé (Quercus scytophylla). Photo 1: Antonio González-
Rodríguez. Photo 2: Jeannine Cavender-Bares. Photos 3, 4: Béatrice Chassé
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ABSTRACT

The Asian tropics and subtropics are home to several major lineages of the Fagaceae 
that are largely endemic to the region. The stone oaks (Lithocarpus), comprising over 250 
species, show a large number of morphological and ecological similarities to oaks but also 
some major differences, like insect pollination and a unique fruit type. The tropical chestnuts 
(Castanopsis), with over 150 species, have an almost identical but slightly narrower geographic 
and ecological distribution as the stone oaks. Trigonobalanus is an ancient relictual genus of 
three species with a sparse distribution of small gregarious populations scattered in non-
overlapping ranges in Southeast Asia and South America. These lineages offer a compelling 
set of comparative questions with Quercus about differences in ecology and evolution across 
biomes, continents, and millennia. As resources for the detailed study of the genus Quercus 
continue to develop rapidly, opportunities for transferring knowledge, protocols, and expertise 
to these comparative analyses with the Asian lineages should be actively pursued.
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More to acorns than just Quercus

If you were exploring the Asian tropics for the first time and you discovered an acorn 
on the ground, you would naturally assume you’ve encountered an oak. But things in life 
are never simple and not everything that makes an acorn is an oak. What you found might 
be something different indeed: a species in the genus Lithocarpus (the stone oaks). What 
makes an acorn special is the cupule, and the cupule is a complicated structure when you 
look across the entire family Fagaceae. The origin and evolution of the Fagaceae cupule 
has generated quite a lot of debate and discussion, (Forman 1966; Oh and Manos 2008; 
Fey and Endress 1983; Jenkins 1993; Chen et al. 2008) because other genera in this family 
(Castanea and Fagus for example) have cupules, but they split open (dehisce) when they are 
ready to release the seed. The dehiscent cupule, while less familiar, is the ancestral type of 
cupule, given the fossil record (Crepet and Nixon 1989) and interpretation of the Fagaceae 
phylogeny (Manos et al. 2008). The acorn cupule, on the other hand, does not split open nor 
does it have any valves or seams. Surprisingly, given its unusual structure, the apparently 
identical cupules of Quercus and Lithocarpus have evolved independently (Fig. 1).

Similar but not the same

The acorns produced by Quercus and Lithocarpus species are almost identical in 
appearance and a great deal of overlap exists in the type and arrangement of scales, spines, 
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Figure 1/ Phylogeny of the Fagaceae, adapted from Manos et al. 2008. The width of the white clade 
representing each genus indicates its species richness. Species poor lineages are shown as lines. The two 
major subgenera in Quercus are shown by the red and blue vertical lines and the sections are labeled 

(Denk et al. 2017). The subsequent columns indicate the traits that species in each genus possess, from 
left to right: pollination syndrome (wind vs. insect), fruit type (acorn vs. chestnut, although strictly 
speaking several distinct types of “chestnut” can be identified), leaf phenology (evergreen vs. deciduous), 
and geographic distribution.
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lamellae, bracts, etc., across the species in each group. Not only does molecular evidence 
support the independent evolution of the acorn in each genus but also possibly for a 
third instance in Notholithocarpus (Manos et al. 2008). The seed in all Quercus species 
is primarily enclosed by a single tissue when the seed is mature, but a wider variety of 
tissues enclose Lithocarpus seeds (Fig. 2). These different fruit types in Lithocarpus 
seem to be related to a trade-off between mechanical and chemical protection of the seed 
(Chen et al. 2012; Chen et al. 2018). 

Along with the morphological 
similarity of Quercus and 
Lithocarpus acorns, these two 
groups share a large number of 
ecological similarities, including 
ectomycorrhizal associations, 
single-seeded fruits with high fat 
content, limited dormancy, and poor 
dispersal capacity. The convergence 
between Quercus and Lithocarpus 
does not end with their morphology. 
Because they both produce nuts, 
they share an interesting relationship 
with their seed dispersers. These 
animals act as both predator and 
disperser, eating the majority of the 
seed crop while allowing a small proportion of the seeds to survive. This ecological 
interaction becomes a coevolutionary dance between the tree and its vertebrate partners. 

But despite all of these similarities, Quercus and Lithocarpus differ sharply in their 
pollination biology (Fig. 1). Although Quercus is strictly a wind-pollinated group, the 
majority of Fagaceae genera and species are actually insect pollinated. These insect-
pollination systems are highly generalized and probably function more as a stochastic 
pollen dispersal process, like the wind, than any close coevolutionary relationship 
between a particular group of arthropod species and Lithocarpus or Castanopsis. So, 
despite the apparent radical difference in pollination syndrome between the two major 
groups of acorn-bearing trees, the functional outcome may be largely the same. 

Another striking difference 
between the two genera is the 
broader range of environmental 
extremes that Quercus tolerates, 
with Lithocarpus being intolerant 
of seasonal climates, in terms 
of precipitation or freezing 
temperatures. Although the oaks 
are found predominantly in the 
north temperate regions, a small 
proportion of the species do manage 
to make it into wet evergreen 
rainforests in South America and 
Southeast Asia. Their ecological 
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Figure 2/ Acorn (AC) and enclosed receptacle (ER) fruit 
types found in Lithocarpus. In the acorn fruit, the seed is 
largely enclosed by the woody and dry walls of the inferior 
ovary (exocarp) and the basal portion is sealed off by the 
portion of the floral receptacle above the abscission layer 
that forms between the fruit and the cupule. In the ER fruit, 
the exocarp is reduced and typically only present at the 
apical end of the fruit while the receptacle tissue completely 
encloses the seed.

Photo 1/ Quercus macrocalyx
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dominance is dramatically reduced and they are primarily found in the highlands. 
Lithocarpus and Quercus have coevolved with the same faunal and fungal communities, 
differing in pollination syndrome. So, in many ways, Lithocarpus replicate the ecological 
strategies of Quercus but only in the tropical rainforests, thus providing an interesting 
comparative group (Canon et al. 2018). The evolution of deciduous leaves in Quercus 
was a major innovation that allowed them to greatly expand their range into colder, more 
seasonal, and drier habitats.

Trigonobalanus

The discovery of a new genus in the family Fagaceae, by famed Southeast Asian 
botanist E.J.H. Corner on an expedition to Mount Kinabalu in the northern part of Borneo, 
must have certainly made a splash at the time. The Trigonobalanus was something new 
and weird in a familiar group of trees that everyone thought they knew and understood. 

The expedition led by Corner provided key field descriptions and abundant reproductive 
material for the conclusive description of a new genus and species in the Fagaceae 
(Forman 1964): Trigonobalanus verticillata. This species has the unusual characteristic 
of leaves in whorls of three, and Trigonobalanus is the only genus to possess this trait 
in all of the order Fagales. These plants grow in gregarious stands and the populations 
are universally small and isolated. Recently, a new disjunct population was found on the 
island of Hainan (Ng and Lin 2008), giving the species a widely geographically scattered 
distribution, centered on current major landmasses of Sundaland (Borneo, Sumatra, 
and peninsular Malaysia) but also crossing Wallace’s Line into Sulawesi (Nixon and 
Crepet 1989). This distribution strongly suggests an ancestral population that went from 
Australasia across Beringia to South America but has since been completely lost across 
the vast majority of this area and is now found only in relictual populations, persisting in 
submontane forests (Manos and Stanford 2001). 

A second species in the genus was originally described as a Quercus species but closer 
inspection confirmed these collections possessed multiple female flowers per cupule with 
clearly trigonous ovaries (Forman 1964) Therefore, Forman united it with the newly 
discovered Southeast Asian species. The species, T. doichangensis, has spirally arranged 
leaves, but it also possesses the trigonobalanoid fruit type, which is considerably 
different than the Quercus acorn or Fagus nut. This species has a narrower distribution, 
being confined to Yunnan, China, and northern Thailand. New populations continue to 
be discovered (Chokchaichamnankit and Anamthawat-Jónsson 2015), indicating that this 
species also persists in small cryptic populations. 

A third species, T. excelsa, was discovered in 1979 in Colombia, South America 
(Lozano-C. 1979), which greatly increased the extant distribution of the genus, although 
the fossil record already demonstrated an ancestral distribution through much of the 
historical distribution of the family in the Northern Hemisphere, with subsequent 
extinction throughout much of this range (Manos and Stanford 2001). This species 
remains poorly known in the scientific literature and is officially known from only four 
locations. While one taxonomic analysis suggested that each of these three species should 
be moved into separate genera (Nixon and Crepet 1989), the modern consensus is that 
these species belong together in one. This genus, despite containing only three species, 
is doubtlessly a major lineage in the Fagaceae. These trees possess a truly novel set of 
characteristics in the family and even in the order Fagales.
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Notholithocarpus and Chrysolepis

While neither of these genera is found in Asia, they deserve mention here because 
of their historical taxonomic relationship with the diverse Asian genera. In 1827 and 
1840, respectively, the taxonomic diversity in the Fagaceae grew to include Lithocarpus 
and Castanopsis. Both of the American groups (Notholithocarpus and Chrysolepis) were 
originally thought to represent relictual disjunct elements of these new Asian genera. 
However, since their discovery, continued study has clearly demonstrated that they are 
separate lineages, unrelated to the Asian groups (Chokchaichamnankit and Anamthawat-
Jónsson 2015).

Lithocarpus

Lithocarpus span the East Asian tropics and subtropics, from Assam in eastern India, 
across the eastern slopes of the Hengduan Mountains to the subtropical coastline of 
eastern China, into the large islands of Hainan, Taiwan and the southern tropical islands 
of Japan, throughout the Philippines, across Wallace’s Line and the islands of Wallacea, 
and finally reaching the Australasian forests of Papua New Guinea (Fig. 3). With roughly 
250 species, Lithocarpus are found in coastal forests and white sand beaches, like L. 
coopertus at Bako National Park in Sarawak, Malaysia, and at higher elevations such 
as the upper slopes of Mt. Kinabalu, e.g., L. havilandii that grows on ultramafic soils. 
They are considerably more abundant at mid-elevations between 1,000 and 2,000 
meters and can be relatively rare in tall, lowland forests of Southeast Asia dominated 

Figure 3/ Distribution of Lithocarpus and Castanopsis in East and Southeast Asia. The two genera 
share almost identical modern geographic distributions (Soepadmo 1972). Two major centers of species 
diversity are found in the region, one in the high latitude tropical forests of Indochina and another 
centered on the island of Borneo. Neither group manages to persist on the seasonal Lesser Sunda Islands 
and both species make it across Wallace’s Line, although the species diversity in the eastern portion of 
the Malesian region is substantially less than in the west. 



74 International Oaks, No. 30, 2019

by the Dipterocarpaceae (Cannon 2001). At higher latitudes in Vietnam and the Chinese 
provinces of Yunnan, Guangxi, and Fujian, they are often one of the most ecologically 
dominant elements of the tree flora.

Lithocarpus species demonstrate a greater diversity in acorn morphology (Cannon 
and Manos 2000). All oaks produce a typical acorn, in which the seed is largely enclosed 
by the pericarp or the ovary walls, while the abscission layer between the nut and the 
cupule is formed by receptacle material (Fig. 2). More than one lineage of Lithocarpus 
has evolved a distinct fruit type in which the receptacle tissue encloses the seed (enclosed 
receptacle or ER fruit) and the pericarp is reduced to what is basically a vestigial tissue. A 
trade-off between mechanical and chemical protection seems to be occurring between the 
two fruit types (Chen et al. 2012). Several species of the thick-walled ER fruits are eaten 

locally throughout Indochina, but 
harvestable crops are so seldomly 
available that little cultural 
knowledge has been built up around 
these fruits. The ER-fruited species 
also tend to be more locally rare, 
except for species like L. turbinatus 
which dominate exposed ridges 
of Mt. Kinabalu, Sabah, Borneo. 
On Mt. Ailo in Yunnan, where the 
Chinese Academy of Sciences 
maintains an ecological field 
station, the forests are dominated 
by two species of Lithocarpus (L. Photo 2/ Lithocarpus jacksoniana

Photo 3/ Lithocarpus fenestratus
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xylocarpus and L. craibianus, the former possessing ER fruit and the latter an acorn). 
Lithocarpus cupules also possess a wide range of simple spines, bracts, and ringed 

lamellae, encompassing all of the variability found in the genus Quercus (Soepadmo 
1970). The cupules also range from highly reduced saucer-like structures barely covering 
the basal end of the nut to structures that completely enclose the nut, occasionally thin and 
somewhat brittle, other times thick and woody or even corky. These enclosing cupules 
can be free from the nut, which remains an “acorn” type of nut, or they can be fused to the 
nut (ER fruit). While each cupule always contains a single nut, the number of fruit in each 
dichasium can vary from one to five or seven. These fruits can be completely sessile or 
have a fairly long pedicel. The unique combinations of these many fruit features was used 
by A. Camus in an exhaustive taxonomic treatment of Quercus and Lithocarpus (Camus 
1952-1954). Completed soon after the end of World War II, this treatment included all of 
the known species at that time. Considerable numbers of new species have been identified 
over the intervening decades.

Castanopsis 

Both the tropical (Castanopsis) 
and temperate (Castanea) chestnuts 
are insect pollinated and they 
both produce “burs” with valvate 
cupules. These are heavily armed 
with branched spines that typically 
enclose the nuts, which dehisce 
when mature. All temperate 
chestnuts are deciduous, while all 
tropical chestnuts are evergreen. 
Temperate chestnuts also have 
numerous styles in each female 
flower, while tropical chestnuts 
retain the base number of three. The tropical chestnuts are also less diverse, both in 
overall species numbers and ecologically. Typically one or two species of Castanopsis 
will be found growing together in one location, compared to numerous sympatric species 
of Lithocarpus. Their ecological range is also narrower, dropping out at lower elevations 
on tropical mountains. But these trees can become truly monodominant in some locations. 
These dominating species have similar characteristics: small nuts, typically in highly 
reduced cupules, and trees readily coppicing, where individuals are formed by numerous 
stems emerging from the base of the tree. On the island of Sulawesi, C. acuminatissma 
is the most common forest tree across the entire island, except on ultramafic soils; and 
in the more seasonal open forests of mid-latitude Indochina (including Myanmar) C. 
tribuloides does the same thing.

Conservation issues

Given the relictual status and cryptic distribution of the three Trigonobalanus species, 
their potential vulnerability to extinction would seem to be substantial, but only one 
species has been assessed by the IUCN. The Colombian species. T. excelsa is designated 

Photo 4/ Castanopsis chinensis
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as “Vulnerable”, while T. doichangensis is “Data Deficient” and T. verticillata is not 
listed. Among the 26 species of Lithocarpus assessed, 35% are “Vulnerable”, 15% 
“Endangered”, and 3% “Critically Endangered”. Among the 13 species of Castanopsis 
assessed, roughly the same proportions have been reported. Both Notholithocarpus and 
Chrysolepis are of “Least Concern”, which is surprising given their narrow distribution 
and the reported susceptibility of Notholithocarpus to sudden oak death. Overall, given 
our poor state of knowledge of the Asian taxa in these genera, we must assume they are 
subject to the same general concerns of deforestation, conversion of habitat to intensive 
crops or agroforestry, and the spread of roads and basic infrastructure as these regions 
rapidly develop, particularly in light of China’s Belt and Road Initiative.

Photographers. Title page: Son Hoang (Lithocarpus proboscideus). Photos 1-4: Son Hoang.
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ABSTRACT

Over the past three years, significant progress has been made in understanding one of the 
world’s major biodiversity hotspots of oak species. Indochina, as a single geographic unit, 
holds the largest number of species and genera in Fagaceae in all of Asia, with Vietnam being 
home to well over 150 species alone (more than a third of which belong to Quercus). The 
upcoming new edition of the Flora of Cambodia, Laos and Vietnam (projected completion 
date is the end of 2019) will be the first comprehensive regional treatment of oaks and related 
genera in over 70 years. Since the last treatment by Lecomte (1943), we have explored, 
described and categorized more systematically this region than ever before, making enormous 
progress in our global understanding of Quercus evolution, genomics, diversity and ecology. 
By combining phylogenomics, molecular dating and traditional taxonomy, we can now take 
a bird’s-eye view of this enormous diversity and begin to understand the diverse origins and 
unique evolutionary composition of the oaks of Vietnam.
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Introduction

Fagaceae in Asia represent nearly 75% of the global species count for the family 
(~1,100 spp.), with more than 45% of all recognized Quercus species contained within 
the region. Quercus in Asia occur throughout a very wide range of habitat types and 
elevations and its geographic distribution is roughly limited in the south by the Wallace-
Huxley line. For example, towards the Himalaya, Q. semecarpifolia reaches elevations of 
over 3,900 m and occurs in forest mixed with pines. In tropical Indochina, one can find 
Q. fleuryi at elevations as low as 100 m in dense and species-rich gallery forests. In sharp 
contrast, in Borneo on and around Mount Kinabalu, many Quercus species occur from 

low to high elevation: for example 
Q. lowii (~2,500 m), Q. subsericea 
(800-1,800 m), and Q. gemelliflora 
(100-2,200 m).

As a result of ongoing floristic 
work in the family Fagaceae for 
the upcoming edition of the Flora 
of Cambodia, Laos and Vietnam 
(expected in 2019) as well as 
ongoing molecular studies, the 
number of described species of 
Quercus from Indochina has slowly 
increased over the last years (Binh 
et al., 2018b, 2018a, 2018c). 
Vietnam alone currently holds over 
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25% (51 spp.) of all Quercus species in Asia, with many of these endemic to the country 
or to Indochina. These high levels of species diversity in Vietnam are mirrored in other 
Asian Fagaceae genera like Lithocarpus and Castanopsis. These major genera number 
over 330 and 150 species, respectively, and like Quercus in temperate regions, fulfill 
important and sometimes dominant ecological roles over vast areas in the lowland and 
mid-elevation forests. In contrast to Quercus though, these genera are strictly confined 
to Asia. Their limited geographic range and low levels of molecular divergence suggest 
a more recent origin than that of Quercus. This raises interesting questions about 1) the 
regional levels of genomic divergence found in diversity hotspots of tropical oaks like 
Vietnam, which has high levels of endemism and 2) how these correspond to those found 
in other genera of Fagaceae. Here we review the current species complement of Quercus 
in Vietnam, compare levels of interspecific genomic divergence and contrast it to patterns 
found in the Asian endemic genus Lithocarpus (>100 spp in Vietnam).

Materials and methodology

Currently, 51 oak species are 
described from Vietnam. Following 
the most recent descriptions of 
sections (Denk et al. 2017), these 
belong to sections Cyclobalanopsis 
(43), Cerris (2), Ilex (4) and 
Quercus (2). 

Section Cyclobalanopsis is by 
far the largest in terms of number 
of species as well as number of 
individuals of each. Species in 
this section (~90 spp. in total) are 
confined to tropical and subtropical 
Asia (plus parts of the southern 
Himalayas), and in Vietnam are 
found throughout the country (Huang et al. 2009). 

The remaining three sections have in common that their occurrence throughout 
Vietnam is restricted to small pockets. Sections Cerris (~13 spp.) and Ilex (~36 spp.) 
are in pockets in the Mediterranean, and in western, central and eastern Asia (Menitsky 
2005). In Vietnam, the former is confined to a handful of locations in the northern half of 
the country, while species in section Ilex occur in pockets throughout the country. Finally, 
section Quercus, composed primarily of approximately 146 species in North and Central 
America, the greater Mediterranean region and East Asia, is also present in Vietnam. 

A new genome-wide approach, multiplexed ISSR genotyping by sequencing (MIG-
seq), was recently proposed to facilitate the easy acquisition of hundreds of genome-
wide loci from suboptimal samples such as silicagel-dried leaf samples or herbarium 
specimens (Suyama and Matsuk 2015). We selected Vietnamese species to represent all 
sections and used leaf materials for DNA sequencing to assess relationships, genomic 
diversity and divergence. These loci are generated by amplification of the inter SSRs 
regions, after which Illumina sequencing adapters are ligated in a second amplification 
step. Because SSRs (i.e., microsatellites) are widespread in each genome, and their 
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location is relatively conserved at least at the genus level, short orthologous regions 
(~200-900 bps) can be generated for any set of taxa. Its major advantage over approaches 
like RAD-seq is its applicability to historical samples like those found in herbaria or 
those dried under conditions which are less likely to effectively conserve DNA. 

In addition, we extracted DNA from leaf material of 63 species of Lithocarpus for 
intergeneric comparisons. In this case study, our material consisted of field dried, 
freshly-frozen leaf tissue collected during fieldwork between 2011-2018, and herbarium 
materials (aged between 20-110 years). All vouchers of fresh materials were deposited 
at the Biodiversity Genomics Team (BGT) herbarium at Guangxi University. Detailed 
geographic information of collection sites is not included here but is available upon 
request.

Results

DNA sequencing resulted in over 8,238 loci, with selection of a pre-sequencing target 
length interval of 200-800 bps. No linkage was detected in the number of loci retrieved and 
the age of the collecting method of the sample (data not shown). Phylogenomic analyses 
using PHYML (Guindon and Gascuel 2003; Guindon et al. 2010) resolved both Quercus 
and Lithocarpus as monophyletic clades, with most clades bearing support values >.95 
(Fig. 5), however, it should be noted that the oak species in Vietnam do not constitute 
a monophyletic group with regard to Asian oaks in the broader sense. Within an Asia-
wide sampling of Quercus species, Vietnamese species are recovered in multiple clades 
with species from other regions, underlining the multiple and independent sources of 
evolutionary origin for Vietnamese taxa. For some species sampled (in both Quercus and 
Lithocarpus), we used multiple accessions from different collections and these too are 
recovered as sister taxa, demonstrating the power and accuracy of the method. Outgroups 

Photo 4/ Quercus thorelii
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(Fagus and Castanopsis accessions) were recovered as expected in basal positions in the 
phylogenomic tree.

A statistical test comparing intrageneric divergence by means of genetic distance 
between Quercus species and Lithocarpus species indicated that genetic distances 
between Quercus are significantly larger than those found in Lithocarpus (two sided 
T: D = 0.11, p < 2.2*10-16; see Fig. 6). These results suggest a longer time frame of 
evolution for the species with resulting higher rates of accumulated mutations. This is in 
line with age estimates for the two groups (not shown) and with geographic patterns of 
species distribution. We find similar results for intraspecific analyses (looking at genetic 
distances within conspecific accessions - two sided T: D = 0.23, p < 2.2*10-16; figure not 
shown). 

When we look at relationships and section assignments we find that currently accepted 
sections are not always recovered as monophyletic (this is also the case in Lithocarpus). 
This can be explained by two factors: (1) the original definition of all sections is pre-
molecular and entirely based on morphology (for both Quercus and Lithocarpus) and as 
such may not resemble an accurate depiction of evolutionary relationships; and (2) the 

Figure 5/ Phylogenomic analyses using PHYML (Guindon and Gascuel 2003; Guindon et al. 2010) resolved 
both Quercus and Lithocarpus as monophyletic clades, with most clades bearing support values >.95.
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data recovered by the MIG-seq approach consists of DNA positions recovered from the 
nuclear genome, the majority of which have in all likelihood never before been included 
in evolutionary analyses. Further testing is necessary to trace individual loci back to their 
respective origins but this could indicate that additional minor section reassignments in 
Quercus may yet be necessary.

Regardless, it raises the question as to what limits, if any, should be recognized with regard 
to inclusion of data in assigning units such as sections or whether a total-data approach is 
more preferred. Clearly, conflicts in recovered patterns exist (shown here, as well as presented 
elsewhere: Denk and Grimm 2010; Simeone et al. 2016; Denk et al. 2017), based on querying 
different sources of data (morphology, nuclear DNA, chloroplast DNA). 

Conclusion

We can see that the method used here (MIG-seq) is shown to be an effective method 
to utilize the millions of dried plant samples and herbarium specimens lying dormant in 
collections worldwide, for genomic and evolutionary studies with only minimal material 
use. The vast amount of time spent by mankind’s army of botanists in the assembly 
of these collections can now be put to even greater use, not just for taxonomic and 
natural history studies, but also for the study of genome evolution, conservation, and 
the restoration of in-situ biodiversity aided by the possibility of conducting diversity 
assessments of past communities.

Figure 6/ A statistical test comparing intrageneric divergence by means of genetic distance between Quercus 
species and Lithocarpus species indicated that genetic distances between Quercus are significantly larger 
than those found in Lithocarpus.
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ABSTRACT

Many cities in California have been established in areas that were historically dominated 
by native oaks. In these landscapes, dramatic transformation has often occurred, leading to 
the replacement of native oaks with many non-native trees. While these transformations are 
well known, relatively few efforts have been made to quantify the extent of change. Here, 
we draw on historical and contemporary datasets from the cities in what is known today as 
Silicon Valley to compare the composition and structure of the modern urban forest to the 
historical landscape. We show that there have been dramatic shifts in forest structure and 
composition, including large increases in the species richness of trees, a near total loss of 
understory herbaceous vegetation, and a loss of large trees. These changes suggest that a 
reintroduction of native oaks could help to increase the ecological functions of the urban 
forest. 

International Oaks, No. 30, 2019

Keywords: California oaks, historical ecology, urban forestry, Quercus lobata, Quercus 
agrifolia



86

Introduction

Many California cities were established in oak woodlands and savannas. In the area we 
now call Silicon Valley,1 oak ecosystems were the defining feature at the time of European 
contact, covering thousands of acres from what is now Palo Alto to San José (Beller et 
al. 2010). These woodlands were also home to indigenous people, who lived in high 
densities in the Valley for thousands of years (Keeley 2002). Native people frequently set 
fire to herbaceous vegetation on the Valley floor and in the foothills, presumably to favor 
forage and game habitat (Mensing 2015). Over time, this practice likely would have 
favored grassland over shrubland understory, creating spatial heterogeneity that varied 
with local fire intensity. Quercus lobata (valley oak), for example, has high fire-tolerance 
and can persist for hundreds of years, so the Valley’s oak woodlands and savannas were 
likely well established at the time of European arrival (Whipple et al. 2011).

Oak savannas and woodlands were so extensive that the Valley was christened the 
Llano de los Robles, or Plain of the Oaks, by early explorers (Bolton et al. 1930). As late 
as the end of the 19th century, travelers and residents noted that the oaks occured “in such 
numbers…that I wondered [how] the farmers tolerated them” (Kenderdine 1898). While 
Q. lobata and Q. agrifolia (coast live oak) were the dominant species, a diverse array of 
other trees was also present in lower numbers. 

The vast majority of these oaks – as high as 99% in some parts of the Valley – were 
cut down in the late 19th and early 20th centuries to make way for orchards and expanding 
cities (Whipple et al. 2011). Exotic species arrived with the early Spanish explorers, 
and fire and grazing regimes were altered with increased European settlement (Whipple 
et al. 2011). With these changes, the Valley was transformed in a short time from the 
Llano de los Robles into the highly productive agricultural region known as the Valley 
of Heart’s Delight. Just a few decades later, orchards gave way to expanding cities, and 
as a completely novel urban forest was planted, cherries, apricots, and other fruit trees 
were replaced with a wide variety of new tree species. The wholesale shift in the species 
composition that now defines the Valley’s urban forest has been accompanied by a near-
total loss of herbaceous and shrubby vegetation. Occasional oaks have persisted and can 
still be found in the Valley’s streetscapes, parklands, and backyards.

In little more than a century, the Valley’s oak woodlands were felled, replaced with 
orchards, and then replaced again with a patchwork of urban trees. In this paper, we 
describe the structure and composition of the oak woodlands and savannas found in the 
1850s, and we quantify change over time by comparing historical conditions to today’s 
urban forest. Using data from the past and the present, we assess how oak trees and oak 
woodlands have changed through time. We focus on the structural and compositional 
elements of the trees and the forest because these elements enable oak woodlands to 
support exceptionally high biodiversity and to provide a diverse array of ecological 
functions. 

Methods and data sources 

We based our analyses of change over time on three primary data sources (Table 1). 
Historical data were based on the General Land Office Public Land Survey, conducted 
between 1851 and 1888. Modern data were based on contemporary surveys of the urban 

1. Coined in 1971 by journalist Don Hoefler.
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landscape, including street-tree inventories from several cities in Silicon Valley, and a 
comprehensive survey of all oaks in the city of Palo Alto (Palo Alto OakWell Survey).

Oak size and structure
In order to compare the size and structure of trees from historical and contemporary 

landscapes, we used tree-size data from the Public Land Survey of western Santa Clara 
County, including 182 Q. lobata and 63 Q. agrifolia. Modern data for comparisons of 
these two oaks are taken from the Palo Alto OakWell Survey. Modern data for comparison 
across all species are taken from street-tree inventories of the cities of Mountain View 
and Cupertino (n = 51,811). Palo Alto street-tree data was excluded from the analysis of 
tree size because the city does not record trees above 48 inches in diameter (trees larger 
than this size are recorded as 48 inches). 

Note that the absence of Q. agrifolia larger than 50 inches in diameter is most likely 
due to the small number of trees; it is likely that surveyors simply didn’t encounter any 
very large trees, which are usually rare in the landscape. Furthermore, while it appears 
that the proportion of small trees may be larger today than it was historically, we caution 
against this conclusion because the historical data likely underestimated the number of 
small trees (White 1976).

Land cover and forest structure
In order to compare the structure of the historical forest to the modern landscape, we 

quantified the canopy cover and the cover from other features in the modern landscape. 
For the historical period, we relied on existing published results, which show that the 
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Table 1/ An analysis of historical and contemporary change over time in size, structure and composition 
of trees based on three data sources. 
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tree canopy of the historical landscape varied from 0-60%, and the remaining land cover 
was composed of a mixture of herbaceous vegetation representing species found in 
chaparral, oak woodlands, and California grasslands (Beller et al. 2010; Whipple et al. 
2011). For the modern landscape, we conducted an analysis of land-cover types using 
the iTree Canopy tool (www.itreetools.org). Our analysis was conducted in June 2016 
in two neighborhoods in the city of Mountain View, in zones that were historically oak 
woodland and oak savanna. Analyses were conducted using Google Earth imagery with 
1,500 randomly dropped points in each neighborhood. Each point was classified visually 
by the category of land cover type (e.g., impermeable surfaces, building, tree canopy, 
lawn, or herbaceous vegetation). Herbaceous vegetation included any vegetation that 
was not clearly either lawn or tree canopy, including gardens, shrubs, open grassland 
vegetation, and ruderal vegetation in vacant spaces. Impermeable surfaces included 
pavement, cars, sidewalks, and roads.

Species composition
In order to compare changes in the composition of the forest from the 1850s to today, 

we used the Public Land Survey data and street-tree inventory data (Table 1). These 
data do not include privately owned trees in residential yards, and thus do not reflect the 
entire composition of the modern urban forest. However, inventories of residential yard-
trees are rare, and thus the street-tree inventory data are the best source of information 
available.

Results 

Oak size and structure
Before large-scale removal, Silicon Valley supported many more oaks – particularly 

Q. lobata (Cooper 1926). Many of these trees were quite large; we estimate that roughly 
20% of Q. lobata and Q. agrifolia trees were 32 inches or greater in diameter (Fig. 
1). Dead trees would also have persisted on the landscape, and dead limbs would have 
been retained on trees, potentially for years before falling to the ground. Fallen logs and 
leaf litter would also have remained under trees until decomposition. Finally, galls and 
mistletoes were probably common, especially in Q. lobata.

Where oaks remain in the urban landscape today, they still hold potential to support 
many ecological functions. However, several structural characteristics have been 
modified by humans. For example, while a similar proportion of Q. lobata are as large 
today (over 32 inches in diameter) as historically, Q. agrifolia and street trees of all 
species appear to be smaller on average than the Valley’s historical trees (Fig. 1). Urban 
trees often lack structural features that provide critical habitat elements for wildlife in 
oak woodlands outside of cities. Dead limbs and trees are often removed because they 
threaten pedestrians, houses, and cars. Clearing under trees also removes leaf litter, and 
the ground under urban oaks is often bare or covered in turf grass. While data on galls 
and mistletoes in urban settings are lacking, anecdotal observations suggest that urban Q. 
lobata often support oak galls, but rarely mistletoes. 

Land cover and forest structure
Historically, the Valley’s oak woodlands included both dense woodland areas with 

canopy cover of 25-60% and more open savannas with canopy cover of 0-25% (Beller 
et al. 2010). In the open areas, an herbaceous layer made up of wildflowers, perennial 
bunchgrasses, and perennial shrubs accounted for the remaining cover (Jackson 
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and Bartolome 2007; Minnich 2008; Beller et al. 2010). Beneath and between oaks, 
herbaceous vegetation added vertical structure and habitat complexity. 

The extent of urban tree canopy cover across the Bay Area today is not inconsistent 
with that of a natural oak woodland. While canopy cover varies both within and among 
cities, as of 2002 most cities in the region had a tree canopy cover of around 30%, 
with higher canopy cover in much of Silicon Valley (Simpson and McPherson 2007). 
Therefore, large increases in canopy cover should not be required in order to achieve 
some of the ecological functions associated with oak woodland communities. 

While overall canopy cover in the cities of Silicon Valley falls within the general range 
of oak woodlands of the past, a dramatic shift has occurred in the herbaceous layer of 
vegetation. In the Silicon Valley of ca. 1850, herbaceous and shrubby vegetation made 
up between 40% and 100% of the land cover (Beller et al. 2010). Herbaceous vegetation 
is now largely absent, forming 10% or less of the total land cover (Fig. 2). In its place 
are impervious surfaces, buildings, and lawns. In addition, the vertical structure created 
by herbaceous vegetation (both directly under trees, and in the spaces between them) is 
often missing from the urban landscape. Trees planted in planting strips, in tree wells, 

Figure 1/ A comparison of the historical and current distribution of tree sizes in the region reveals 
that while contemporary Quercus lobata and Q. agrifolia are similar in size to historical oaks, the 
modern urban forest has fewer large oaks (over 32 inches in diameter at breast height), and fewer large 
trees of all species, to support the ecological functions that oak woodlands provided before landscape 
transformation. Historical data is taken from western Santa Clara Valley General Land Office records. 
Modern tree data for oaks is taken from from Canopy’s OakWell Survey of native oaks in Palo Alto. 
Data for comparison across all trees are from street-tree inventories in the cities of Palo Alto, Mountain 
View and Cupertino. 
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and over-irrigated lawns often lack 
any of the herbaceous vegetation 
that provides habitat for associated 
species. Where present, herbaceous 
vegetation is made up of a diverse 
mixture of horticultural and other 
exotic species, with a very different 
species composition than the 
historical landscape.
Forest composition

The area now called Silicon 
Valley was historically dominated 
by native oak trees, with other 
oak woodland associated species 
forming a smaller proportion of 
trees. Oaks comprised around 80% 
of all trees on the Valley floor, 
excluding riparian woodlands (Fig. 
3). Total tree-species richness was 
likely around 20 (Fig. 3), including 

Q. lobata, Q. agrifolia, Q. kelloggii, Platanus racemosa, Arbutus menziesii, Umbellularia 
californica, and Aesculus californica. Herbaceous and shrubby plants growing adjacent to 
and under tree-form oaks included native perennial bunchgrasses and annual wildflowers 
(partially as a result of native fire management practices), Rubus ursinus, Toxicodendron 
diversilobum, Heteromeles arbutifolia, Q. berberidifolia, Frangula californica, Solanum 
xanti, and Lonicera hispidula (Cooper 1926; Beller et al. 2010).

Native oak woodland species are rare in the modern urban landscape, forming just 4% 
of contemporary street trees (Fig. 3). Of these, most are either Q. lobata or Q. agrifolia; 
other oak  woodland species make up less than 1% of the urban forest. Today’s urban trees 
are far more diverse than a typical oak woodland. For example, street-tree inventories 
of the cities of Palo Alto, Mountain View, and Cupertino include nearly 400 different 
tree species. The shift in Q. lobata prevalence is particularly remarkable: it was the 
most common tree in the mid-19th century (60% of the non-riparian trees), but today it 
represents less than 1% of over 82,000 street trees – a decline of over 99%. While both Q. 
lobata and Q. agrifolia are quite uncommon in Silicon Valley cities today, their relative 
proportion has also shifted so that there are now many more Q. agrifolia (21% historical, 
3% today) than Q. lobata (54% historical, 0.5% today). Most street trees are not native 
to the region and many are indigenous to temperate deciduous forests from elsewhere in 
the world. In addition, there has also been a dramatic shift in patterns of dominance. For 
example, the most common street trees in Silicon Valley account for no more than 8% 
of total trees. Historically, just three species (Q. lobata, Q. agrifolia, and Q. kelloggii) 
accounted for approximately 80% of all trees (Fig. 3).

Conclusions

Our findings reveal that urbanization has ushered in large shifts in forest composition 
and structure. However, some shifts have been relatively minor, such as the overall 

Figure 2/ An analysis of the modern land cover in Mountain 
View reveals that while modern tree canopy cover is 
comparable to the historical landscape, the herbaceous 
vegetation layer has been reduced. Historically, tree canopy 
varied from 0-60%.  Native annual wildflowers, perennial 
bunchgrasses, and shrubs filled in the spaces between trees, 
occupying between 40% and 100%. In the contemporary 
landscape, buildings, lawns and impervious surfaces take 
the place of a formerly diverse mixture of grassland and 
chaparral vegetation. 
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canopy cover, which is within the historical range. These changes leave opportunities 
for oak woodland functions to be incorporated into the urban landscape through strategic 
planting of oaks in urban settings.

The rapid and continuing transformation of Silicon Valley creates an unusual opportunity 
to re-oak the landscape to recover some of the region’s natural heritage by reincorporating 
elements of oak woodland ecosystems (Spotswood et al. 2017). These changes could 
contribute to building landscape resilience in the region (Beller et al. 2015), increasing 
biodiversity, and providing benefit to people (Spotswood et al. 2017). Because oaks 
are relatively rare urban trees, their numbers could be augmented without substantially 
reducing the diversity of the urban forest, and re-oaking could be accomplished primarily 
by replacing trees as needed over time. We have focused primarily on Silicon Valley as a 
test case, but there are many other cities in California that have replaced oak woodlands, 
and it is likely that similar approaches will apply to these places as well.

Figure 3/ Shift in tree species composition ca. 1850 to present, showing a near total loss of native oak 
and oak-associated species. Dramatic increases in species richness have also occurred, transforming the 
tree canopy from a woodland containing around 20 species to an urban forest with close to 400 species 
of non-native trees that have been imported from around the world. Historical data are taken from 
western Silicon Valley General Land Office records. Modern data are from street-tree inventories of the 
cities of Palo Alto, Mountain View, and Cupertino. 
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ABSTRACT

For over 30 years, the Sacramento Tree Foundation’s Seed to Seedling program has 
recruited classes of K-4 students to grow acorns into seedling oak trees. While growing 
native oak seedlings inside their classrooms, teachers lead students through a standards-based 
curriculum, available for free online, that is focused on the native oaks of the Sacramento 
region and the benefits of urban forest trees. Seed to Seedling supports other Sacramento 
Tree Foundation programs by generating high-quality and genetically-appropriate seedling 
oak trees for reforestation projects in the Sacramento area and for specific efforts such as oak 
reestablishment following the 2017 Wine Country Fires. With a simple, low-cost program 
model, the Seed to Seedling curriculum and program could be easily adapted to other oak 
communities and students around the world. This holistic program ensures the continuity of 
our native oak heritage and brings oaks into the city, into classrooms, and into the hearts of 
the next generation.

International Oaks, No. 30, 2019

Keywords: community involvement with trees, growing oaks, tree teaching programs, 
urban forest



94

Introduction

The Sacramento Tree Foundation (STF) aims to educate and inspire the community to 
plant, protect, and steward the region’s tree canopy. A 501(c)(3) nonprofit organization, 
the STF started in 1982 and provides diverse programs such as a citizen science project 
to monitor historic trees for Dutch elm disease and the shade-tree partnership with the 
Sacramento Municipal Utility District (SMUD), the local electric provider, through 
which homeowners and businesses have received almost 600,000 free trees since 1990. 
Other programs include NeighborWoods, working closely with citizens in the lowest-
canopy communities, and Urban Wood Rescue, an initiative to salvage and mill local, 
sustainable lumber and slabs from urban trees. The Urban Ecology program focuses on 
reforestation of oak woodland communities and is intimately tied to and supported by the 
Seed to Seedling program highlighted here. 

Why Seed to Seedling? 

Before European settlement of the Central and Northern Sacramento Valley the 
landscape was a rich tapestry of wetlands, riparian forests, grasslands, and oak savannah. 
Oaks were cared for and managed by native peoples as an important food source and 
part of their culture. Oak habitats provided food and shelter for wildlife and determined 
the natural character of the Valley. Today, native oaks planted in urban and suburban 

International Oaks, No. 30, 2019

Photo 1/ Quercus lobata woodland in suburban Sacramento.
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areas of the greater Sacramento region connect citizens to historical landscapes and may 
provide important benefits such as habitat, for example, for Neotropical migratory birds 
(Greco and Airola 2018). Recent mapping of Quercus lobata (valley oak) woodlands 
(CDFWVCMP & GIC 2013) when compared with their historical geographic extent 
as mapped by the Bay Institute (1998; p. 2–30) shows less than 1% of oak woodlands 
remaining in the northern portion of California’s Central Valley.

Acorn harvest

Seed to Seedling begins with the acorn harvest every fall. Quality, genetically 
appropriate, seed stock is gathered as part of an education and training program open to 
the community. Volunteer acorn harvesters are taught about oak biology, how to collect 
viable acorns in an ecologically responsible manner, and learn how to identify native 
and non-native oaks (commonly planted non-native oak species include Q. rubra, Q. 
phellos, Q. macrocarpa, Q. ilex, Q. palustris and many others). These volunteers and 
Tree Foundation staff harvest between 7,000 and 10,000 acorns every year from mid-
September to November. After harvest, acorns are hand sorted, packaged in bags to easily 
correspond with the numbers of students generally found in classrooms (32-40) and 
placed in cold storage. To increase program success, acorns and planting materials are 
not disbursed to participating educators until after the winter holidays, a two-week break 
during which germinating acorns cannot be left unattended in the classroom.

Quercus lobata makes up approximately 70% of the acorns harvested and grown out 
each fall with Q. wislizeni (interior live oak) and Q. douglasii (blue oak) rounding out the 
other 30%. These are the main oak species native to the Sacramento region and harvesting 
targets are set with future reforestation plantings in mind to minimize the impact of 
removing acorns from a woodland while still meeting the seedling production goals. 
Pockets of oak woodlands still remain in and around urban and suburban Sacramento, 
and the above-mentioned three oaks are also planted in home landscapes. A longitudinal 
study of the tree canopy coverage and makeup of the urban and urbanizing areas of 
the Sacramento region has been conducted by the STF with study replicates completed 
in 2007, 2011, and 2015. The study shows that the total regional tree canopy of the 
urban and urbanizing areas of the Sacramento region contains approximately 20% native 
oak trees. In 2007 Q. lobata comprised 10.8% of the total regional tree population, Q. 
wislizeni was 7% and Q. douglasii was 4% of the total tree population. By 2015, these 
percentages had changed to 14.9%, 3% and 2% respectively. However, during this time, 
the number of trees within the Sacramento region had increased from 5.77 million to 6.22 
million trees (Sacramento Tree Foundation, unpublished data). For oaks to continue to 
be a significant component of urban Sacramento’s tree canopy, it is imperative that they 
be preserved whenever possible and that they be a robust component of tree planting 
palettes where they have been lost. 

Student involvement

Seed to Seedling participants are most often classroom teachers but other community 
groups can interact with the program as well. Boy- and girl-scout troops, homeschool co-
ops, and occasionally an office group of interested adults can also participate in growing 
acorns into oak seedlings. The program averages 60 classroom groups, and about 1,800 
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Photos 2/ (a) Q. lobata and acorn harvesters; (b) Q. wislizeni; (c) Quercus douglasii. 
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students engaged every year. Together, these participants raise 2,500 seedling oak trees. 
The Seed to Seedling curriculum, available at www.sactree.com/seed2seedling is free 

for anyone to use. It was updated by former teacher, Barbara Murchison, in partnership 
with STF staff in 2009 with the goal of better alignment with California Curriculum 
Content Standards. The activities and lessons teach about local native oaks and the benefits 
of the urban forest. Teachers pick and choose the lessons and activities they want to use 
and are supported with monthly e-newsletters to stay connected. Despite the curriculum’s 
advantages, many teachers, with so many competing priorities and demands, do not use 
the lessons and instead just grow and observe the seedlings with their students. 

In early January, educators come to the STF nursery to pick up the materials they 
need. Materials provided include Deepot planting containers (Deepot D40 containers, 
https://www.stuewe.com/products/deepots.php) filled with soil in standing trays, with a 
cafeteria lunch tray underneath to catch drips, and a bag of acorns from the fridge (40 
acorns + 2 extra in each bag). Teachers also get printed planting and care instructions. 
A couple of keys for the classroom, since they are not growing in an outdoor nursery 
setting, are to get the seedlings outside during the day so they don’t get leggy, and inside 
at night so the acorns don’t get eaten. The other challenge in a school setting is spring 
break – in Sacramento it is often hot by April and the teachers need to be encouraged to 
care for the seedlings while school is closed.

From January to May, students watch the baby trees sprout and complete timed lessons 
and activities – watching for the first sprouts, taking measurements of the seedlings, 
examining their school campus for other mature oak trees, etc. In mid-May before school is 
over, the teachers bring the seedlings and supplies to the STF nursery. There the seedlings 
grow over the summer until the planting season starts the following fall.

The Sacramento Tree Foundation has a much higher success rates growing seedlings 

Photo 3/ Seed to Seedling students holding their oaks in Deepots.
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in the nursery (with approximately 4,000 acorns germinated and grown each season) than 
through the Seed to Seedling (with a succes rate of 50-75%) but this model misses the 
critical education aspect and fails to maximize the opportunities to include others. The 
impact these little trees make on participating students is clear when reading the notes 
they send back with the seedlings.

“Dear Ernesto, I had a great time spending time with you bye Love, Your Foster Dad.”
“Dear Oak Tree, Good luck on your travels. Nice grow’n ya. Love Oak Girl.” 
Even though the Seed to Seedling program isn’t the most efficient way to grow oak 

seedlings, the lack of efficiency is greatly outweighed by the superb tree exposure, 
education, and inspiration it provides to the next generation of Sacramento citizens.

A significant increase in seedling survivability occurred during the 2017 season when 
a special project was operated within Seed to Seedling to grow Q. agrifolia (coast live 
oak) acorns from a preserve property just south of the burn zone of the Atlas Fire in Napa 
County. The special story that came along with these seeds inspired Seed to Seedling 
participants and the Sacramento community in general. This clear sense of purpose –  
oak woodland and community restoration –  resulted in better-cared-for seedlings at the 
end of that year (a 70% survival rate for the “fire seedlings” vs. 50% average seedling 
survivability) when compared to previous project years.

Planting seedlings

All Seed to Seedling trees have a future home in the Sacramento region at reforestation 
sites ranging from rural to urban. Sacramento Tree Foundation staff care for planted 
oaks for 3-7 years with project site management including drip irrigation, invasive-weed 
management, installation and maintenance of tree protection materials (tree tubes and/or 
cages), as well as regular monitoring using GIS. In Sacramento County especially, native 
oak planting efforts are driven by local tree protection ordinances and developer-impact 
fees.

Instead of planting reforestation trees with hired labor, the STF invites community 
volunteers to planting events on the weekends that engage, educate and inspire a cross-
section of the Sacramento community. Some volunteers are students and teachers who 
have participated in Seed to Seedling, and many more are active community volunteers 
willing to dig in and make a difference for their local environment.

Urban sites are important because they maintain trees in areas that historically were 
oak woodlands or riparian forests and because of the multiple benefits tree canopy 
provides to the people who live under it. An ever-growing body of research shows 
strong links between greater tree canopy and improved human health – from physical 
health, like reduced incidence of heart disease, to improved mental health and relaxation 
(Ulmer et al. 2016). Urban trees provide numerous financial benefits including energy 
savings and increased property value (Wolf 2007). Humans and animals alike rely on 
the environmental benefits urban trees provide including air-quality and water-quality 
improvements. The wildlife habitat and food sources provided are also critical in a region 
with shrinking open space. Since one tree can host up to 80 bird species (Mendenhall et 
al. 2016), what can a whole forest offer?
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Going forward

The 33-year-old Seed to Seedling program is low cost to run and is a model that 
could be adapted easily in other “oak-y” regions. For STF, the annual cost to run the 
program is approximately $2,000 and generates approximately $6,000-$12,000 worth of 
high-quality oak seedlings. By incorporating students in the process, additional benefits 
include the engagement and education of the community and future citizens who know 
and care about native oak trees. The Sacramento Tree Foundation can’t steward each of 
the 6.22 million trees that currently grow in our urban forest and certainly can’t plant the 
5-7 million more that need to be planted over the next 30 years. In order to ensure we 
have the best urban forest in the nation, programs like Seed to Seedling can provide the 
spark that encourages students to become actively engaged in the preservation and growth 
of native trees and our urban forest. Education is the foundation of the Sacramento Tree 
Foundation and our hope for healthy, livable communities for the future. 

Photographers. Title page: A. Jaculina (Seed to Seedling students). Photos 1-2: Z. Wyly. Photo 3: W. 
Money. Photo 4: A. Fenkner.

Photo 4/ Community volunteers locate the root crown before planting a seedling at a reforestation 
project in Roseville, CA.  
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ABSTRACT

Oak trees host an amazing diversity of insects, many of which specialize on Quercus species. 
Oak species and genotypes are commonly planted far from where an acorn was produced. 
Urban plantings, restoration sites, and plantings anticipating climate change each cause this 
to happen. What evidence exists that provenance of oak plantings affects herbivores such as 
galls and leaf miners? And what other factors, such as weather, predators, urban forestry, and 
geographic isolation affect the populations of these insects? I present evidence from studies 
of oaks conducted at different scales. Provenance matters to herbivores – but predominantly 
at large genetic scales. Aspects of the urban environment can help some herbivores of oak 
trees but hurt others. Predators are of key importance to populations of gall wasps and leaf 
miners, and isolated trees can maintain a great diversity of galls and miners. Creating habitat 
for oak herbivores (at least the ones that do not kill trees) can be a great benefit of planting 
native oaks, and many of those insects are nearly as charismatic as their host trees!

International Oaks, No. 30, 2019
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Introduction

As urban regions expand to cover an increasingly large portion of the world’s landscape, 
the use of native plantings has become a popular way to reduce the environmental 
impact of cities, to preserve biodiversity, to reduce invasions of introduced plants, and to 
promote awareness of plants, animals, and their interactions (McKinney 2002). Oaks are 
particularly popular street trees throughout the world, and numerous localities promote 
the use of native oaks in urban and suburban landscapes. The role of native oak plantings 
may be of particular importance for urban food webs in the Northern Hemisphere 
because oaks are the most dominant group of trees in temperate regions above the equator 
(Cavender-Bares 2018). Likewise, oaks are home to a disproportionately large fauna of 
herbivorous insects (Fig. 1) that are in turn food for predators such as birds.  

The use of native plantings in urban areas has numerous potential benefits, requiring 
fewer inputs of fertilizer and water, avoiding potentially invasive exotic plantings, 
conserving native plant taxa, etc. Here, I focus on the role of urban oak plantings as a 
home for native herbivorous insects, and particularly those specialist insects, such as gall 
wasps and many leaf miners, that are unlikely to feed on taxa other than oaks. I focus 
primarily on examples from the Californian oak fauna but expand beyond this to include 
global examples of herbivore associations with oak plantings. I explore the idea that 
native oaks provide habitat for herbivorous insects and that insects that are associated 

International Oaks, No. 30, 2019

Photo 1/ Is it an alien?  Is it a pompom?  No, it’s a gall! Antron quercusechinus is one of tens of gall wasp 
species that can be found on Quercus douglasii throughout California. A single oak tree can be home to 
hundreds of insect species, most of which are herbivores and predators. 
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with oak trees are important in maintaining other urban wildlife. I address two general 
questions in the article. To what extent, and why, do urban oaks house native herbivorous 
insects? And what are the likely consequences of those herbivores for other wildlife, such 
as birds, as well as for people, and for the trees themselves?

Urban/rural comparison 

Cities represent a novel habitat for most organisms, and often only a subset of the fauna 
of a region thrive in urban areas (Faeth et al. 2011). For example, certain bird species are 
well adapted to capitalize on urban habitats, whereas the majority of bird species that are 
common in surrounding natural areas are rare in, or absent from, cities (Møller 2009). 
The same pattern does not appear to hold for specialist herbivores on urban trees. For 
example, in a survey of gall wasps on Quercus lobata (valley oak) in California’s Central 
Valley, the same set of species was present in cities as in nearby natural areas (Herrmann 
et al. 2012). Likewise, leaf miner abundance on Q. robur (English oak) was comparable 
in urban and nonurban areas throughout Europe (Moreira et al. 2018). The interpretation 
of these trends might be that herbivorous insects have relatively few habitat requirements 
beyond their host. This may also explain why specialized herbivorous insects may not be 
able to capitalize on alternative resources in cities that increase the abundance of other 
taxa.  

Nevertheless, there is evidence that urban areas shift the communities of insects on 
oak trees in subtle ways. For example, Q. lobata in an urban setting had reduced species 
richness of gall wasps compared to trees in natural areas (Herrmann et al. 2012). This 
was likely because of aspects of habitat modification in cities, where trees whose litter 
layer was removed by mowing had reduced gall wasp richness. Highly isolated oak trees 
in cities also had reduced gall wasp species richness (Herrmann et al. 2012).  

Urban areas alter many other aspects of the environment that may be important to 
herbivores. For example, urban areas tend to be slightly warmer “heat islands” compared 
to surrounding regions (Roth 2012). As a consequence, herbivores that are highly sensitive 
to cold periods may thrive and reach outbreak populations in urban areas (Dale and Frank 
2014). For example, on Q. nigra in Raleigh (NC, USA) a common scale insect reached its 
highest abundance (and outbreak populations that were 13 times higher than background 
levels) in parts of the city that were the warmest heat islands (Meineke et al. 2013).

“Nativeness” of urban oaks

Oak trees that are planted in urban areas come from a wide variety of sources. Some are 
historic trees that predate the urban area, some may be of stock of a native oak species but 
from elsewhere in the region, while others are species or hybrids that were historically 
not located in the city where they were planted. More than a few were probably the 
progeny of acorns planted by IOS members! The diversity of origins of oaks in urban 
areas begs the question of what aspects of “nativeness” matter to herbivores.  

Starting at a broad scale, it is clear that introduced oak species interact with herbivores 
differently than native species. At the Shields Oak Grove in Davis, California, introduced 
oak species experienced substantially less damage from chewing and leaf-mining 
herbivores than did Q. lobata, a local native oak species (Pearse and Hipp 2009). This 
pattern was repeated at eight arboreta across the U.S.A., and among the introduced oak 
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species, those that were close relatives of the local natives tended to experience more 
herbivore damage (Pearse and Hipp 2014). In those studies, introduced oak species lost 
the most specialized herbivores, such as gall wasps, completely.  

Photo 2/ Leaf litter in a rural Californian oak woodland. Loss of the litter layer, as when trees are 
planted along pavements or on manicured lawns, may come at a cost to herbivores that overwinter on 
leaf litter. 
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Oaks commonly hybridize, and hybrids as well as ornamental cultivars are popular 
in urban settings. Hybridization can have both complicated and predictable impacts on 
herbivore communities. For example, naturally occurring hybrid oaks in California, Texas, 
and Mexico all have complicated associations with gall wasps, so it would be difficult to 
anticipate the community of gall wasps associated with hybrid oaks based on the galls 
associated with each parental species (Boecklen and Spellenberg 1990; Moorehead et 
al. 1993; Tovar-Sanchez and Oyama 2006; Pérez-López et al. 2016). This pattern holds 
true with artificial hybrids in urban settings; for example, at the Shields Oaks Grove 
hybrid oaks have idiosyncratic gall-wasp communities (Pearse and Baty 2012). On the 
other hand, hybrid oaks tend to have relatively intermediate levels of damage from free-
feeding herbivores, perhaps because the ways in which they defend their leaves tend to 
be intermediate to their parental species (Pearse and Baty 2012).  

In urban areas, oaks may be propagated from local or distant stock. Within most plant 
species, there is substantial genetic variation. This variation is what we are looking for 
when we select trees to propagate that have desirable traits but much of this variation is 
patterned geographically. To what degree do herbivores care about intraspecific variation 
in oak traits? And, do they prefer local oak genotypes over distant ones? To address these 
questions provenance studies in which oaks from across their range are planted in one 
or several gardens are particularly useful. In one such study, Q. lobata that were from 
more local sites had a greater abundance of leaf miners than those from distant localities 
(Pearse et al. 2015a). In this case, the oak trait that explained differences in leaf miner 
abundance among oak trees from different regions was leaf phenology. So, in the case of 
Q. lobata, the use of local trees or trees with comparable leaf phenology may increase 
the abundance of this set of herbivores in urban plantings. The generalities that can be 
drawn from this are far from clear. Some oak species tend to show far more genetic 
differentiation over geography than do others. At the same time, different herbivores 
are likely tuned into different plant traits. For example, intriguing evidence for extreme 
local adaptation of gall wasps was presented in a study from Texas. Gall wasp individuals 
that were forced to develop on Q. virginiana (southern live oak) where they were born 
were more successful than those reared on neighboring Q. virginiana that were only 
meters away from their home tree (Egan and Ott 2007). Evidence from provenance 
studies, cultivar differences in nurseries, and observations of planted versus naturally 
regenerating oaks each provide ways to hint at genotype-level differences in how oaks 
are used by herbivores.

The importance of herbivores in urban areas

The previous paragraphs explored the reasons why herbivores may or may not be 
abundant on native oaks in urban areas. Next, I will ask how those herbivores might 
matter for birds, people, and plants in urban areas.  

From a predator’s perspective: a bird’s eye view
Herbivorous insects that are associated with native oak trees may be an important 

food source for birds. Hinting at this, a recent study of bird habitat use in Sacramento 
found that native Q. lobata promoted the abundance of several bird species that were 
otherwise uncommon in that city (Airola and Greco 2019). While it is also possible that 
Q. lobata provided these birds with other important habitat features (nest sites, cover 
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from predators, etc.), a key difference between Q. lobata and the many introduced tree 
species in the region is the abundance and phenological continuity of herbivores that 
serve as food sources for birds.  

Predators are critical in regulating populations of specialist herbivores, and this is 
true of urban oaks. In an interesting example, the gall wasp Neuroterus saltatorius was 
introduced in the 1980s to Vancouver Island, Canada, where it was previously absent 
(Prior and Hellmann 2010). In its new habitat, the gall wasp lacked many of the specialized 
predators that attacked it on the mainland, and the loss of those predators was the likely 
cause of outbreaks of the gall wasp that were greater than is typically seen at mainland 
sites (Prior and Hellmann 2013).  

From a naturalist’s perspective: tiny ecosystems
Herbivorous insects on urban trees provide an easy and important opportunity to 

explore ecological processes. If you look for them under a backyard oak tree, you are 
likely to observe predation, mating, searching behaviors, and competition among the 
herbivorous insects and their predators. While the organisms involved can be tiny, they 
can also be sparks of imagination. For example, at a recent outreach program for 1st 
through 3rd graders, children were only marginally interested in identifying trees planted 
in their schoolyard but were completely fascinated when we found the small insects 
inhabiting pinyon spindle galls (galls caused by Pinyonia edulicola) on one of their pine 
trees. While wasp watching is unlikely to emerge as the billion-dollar industry that bird 
watching has become, insects provide a glimpse at biodiversity that is close to home and 
that comes at virtually no cost.

Photo 3/ Several red, cone-shaped Andricus kingii galls on the leaves of Quercus lobata. These galls can 
be extremely abundant and are commonly found on urban oak trees.  
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From a broader perspective, the removal of keystone plant species has cascading effects 
through ecosystems (Fonseca 2009; Pearse and Altermatt 2013). In particular, the loss of 
an oak species might be accompanied by the loss of tens or hundreds of herbivore species 
that specialize on that species alone as well as the hundreds of specialist predators and 
parasites that feed exclusively or almost exclusively on herbivores of that oak species.  

From the tree’s perspective: costs and benefits of herbivores and predators
From a tree’s perspective, there are few apparent advantages to having herbivores. 

Herbivores consume plant material that could be otherwise used for growth or reproduction. 
Indeed, studies that exclude herbivores from oak trees or observe differences in rates 
of herbivory on oak trees over time find that herbivores do decrease the growth or 
reproduction of trees, albeit subtly at times (Crawley 1985; Marquis and Whelan 1996; 
Pearse et al. 2015b). One of the most profound questions in studying herbivores is: what 
keeps them in check in natural ecosystems? The answer to this seems to be rooted in a 
combination of control of herbivore populations by plant defense and by predators. In the 
latter case, trees with a diverse herbivore community may also have diverse predators. 
And predation of herbivores by birds and other arthropods can be very advantageous to 
trees by reducing the severity of particularly damaging herbivore outbreaks.

Photographers. Title page: Walt Koening (Andricus kingii gall). Photos 1, 3: Walt Koenig. Photo 2: Ian 
Pearse.
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ABSTRACT

 We describe three studies that address the importance of native oaks (Quercus spp.) 
to birds in the urban forest of Sacramento, California, U.S.A. In one study, we surveyed tree 
canopy cover and abundance of spring and fall migrant songbirds in an older residential 
neighborhood. Migrant abundance was strongly and positively correlated with Q. lobata 
(valley oak) canopy cover, with migrants nearly absent from areas lacking oaks. Migrants 
foraged in Q. lobata substantially more often (74%) than expected based on its 15% relative 
canopy cover. In another study, we evaluated abundance of resident and wintering birds across 
a gradient from young residential neighborhoods to natural woodlands. Urban forest with oak 
supported eight bird species that were absent from urban forest without oak, and supported 
substantially higher abundances of eight other species. Highest bird species richness occurred 
in the mixed oak-riparian community. A third study evaluated acorn harvest and transport by 
Aphelocoma californica (California scrub-jays) in urban settings. Jays harvested mainly Q. 
agrifolia (coast live oak) acorns for >121 days and transported them on average >159 m, to a 
maximum of 665 m, regularly crossing other jays’ territories during transport. They cached an 
estimated 6,800 and 11,000 acorns at two sites (339 and 845 acorns/season/jay), substantially 
less than in natural oak woodlands, likely reflecting the increased time required to transport 
acorns longer distances and the availability of alternative foods. Many seedlings from acorns 
not retrieved by birds are removed as weeds, but recruitment in less-maintained urban areas 
provides habitat benefits for other species.
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Introduction

California’s Central Valley is a large (47,000 km2) interior valley and one of the world’s 
most productive agricultural areas. It also supports 6,500,000 human residents, in urban 
populations in the Sacramento and other major metropolitan areas and in many mid-sized 
and small towns. Urban development occupies over 375,000 ha (6%) of the Valley, and 
expansion continues to displace natural and agricultural lands (Greco and Airola 2018). 

The value of urban areas as habitat for native wildlife and the characteristics that 
determine this value have received little study in the Central Valley. We and collaborators 
have studied use of urban habitats by a variety of bird populations (e.g., Airola 2011; 
Airola and Kopp 2017). A major finding has been the value of oaks, including Q. lobata 
and Q. agrifolia, to urban bird species diversity (Greco and Airola 2018; Airola, in prep.). 
Here, we summarize findings from completed and in-progress studies on the importance 
of oaks for birds in urban Sacramento.

Study area 

We studied bird use of urban forest in areas with varied oak canopy conditions, 
including old (>100-year-old), young (<30-year-old) residential neighborhoods, and more 
natural adjacent areas. In urban neighborhoods, the forest consists mostly of non-native 
ornamental trees (McPherson 1998; Peper et al. 2011). Quercus lobata and Q. agrifolia 
comprise most of the small amount of oak in the canopy (Sacramento Tree Foundation 
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Photo 1/ Survey site in urban forest with dense canopy of older Quercus lobata in the Curtis Park 
neighborhood in Sacramento.
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2007, McPherson 1998; Greco and Airola 2018). Oak canopy in some older urban areas 
is relatively dense (>30% total cover; Fig. 1), while many younger neighborhoods lack 
native oaks altogether. 

Migratory bird use of urban Q. lobata 

Many Neotropical migrant passerine bird species are declining due to changes in 
breeding, migratory, and wintering habitats and climatic conditions. During 2010-2013, 
we evaluated the importance of Q. lobata as stopover foraging habitat used by migrants 
in urban Sacramento (Greco and 
Airola 2018). Over three years, we 
surveyed spring and late summer-
early fall migrant songbirds and 
measured tree canopy cover 
within 31 transects ( = 0.91 ha) in 
Curtis Park, an older residential 
neighborhood (Photo 1).
We detected 607 individuals of 
20 migrant species, but 4 wood 
warblers comprised >68% of 
observations: black-throated gray 
(Setophaga nigrescens), yellow 
(S. petechia), Wilson’s (Cardellina 
pusilla), and orange-crowned 
warbler (Oreothlypis celata). 
Migrant abundance was closely 
correlated with Q. lobata canopy 
abundance and increased linearly 
with oak canopy, especially during 
fall migration (Fig. 1). Migrants 
were nearly absent from areas 
lacking oaks. Migrant birds as a 
group also foraged in Q. lobata 
substantially more often (74%) 
than would be expected based on its 
15% relative canopy cover (χ2

1 d.f. = 
924, p <0.001), as did all individual 
species whose selectivity could 
be tested (Fig. 2). These results suggest that protecting existing Q. lobata stands and 
increasing future oak plantings in the Central Valley could provide substantial habitat 
benefits for native migratory birds

Resident and wintering bird associations with oaks 

In this study, we evaluated bird and urban forest relationships in Sacramento and 
particularly the importance of native oaks to resident and wintering birds across a 
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Figure 1/ Abundance of Neotropical migrant birds in 
relation to Quercus lobata canopy cover in the Sacramento 
urban forest. This graph shows abundance during one fall 
season.  See Greco and Airola (2018) for similar results from 
other spring and fall seasons.

Figure 2/ Percentage of Quercus lobata foliage used for 
foraging by Neotropical migrant birds in relation to 
percentage of tree canopy comprised of Q. lobata foliage in 
urban forest of Curtis Park neighborhood in Sacramento 
(Greco and Airola 2018).
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gradient of woodland settings from young residential housing to more natural oak-riparian 
woodland.  Survey methods were similar to those used in migrant passerine surveys (Greco 
and Airola 2018, see previous section). At seven sites, we established four to nine transects 
encompassing an average of 0.8-1.2 ha and conducted six to eight surveys from October 
13, 2013 to January 29, 2014, the period after departure of fall migrants and arrival of 
wintering species. 

We grouped the seven sites into five community types based on tree age, composition, 
and canopy cover and shrub composition, as described below (with the number of 
transects surveyed and survey site locations):

Young residential: younger (5- to 20-year-old) residential areas lacking mature trees or 
oaks, with non-native shrubs and lawns (seven transects, West Sacramento, Yolo County).

Urban forest without oak: older (>50–year-old) residential areas lacking Q. lobata in 
the canopy and native shrubs (nine transects: Curtis Park, Sacramento County).

Urban Forest with Oak: Older residential areas with large residual Q. lobata occupying 
12-40% of the overstory canopy but lacking native shrubs (14 transects: Curtis Park and 
The Oaks neighborhood, West Sacramento, Yolo County).

Oak-riparian-urban: natural parks with a canopy of Q. lobata, Salix sp., and Populus 
fremontii, along with other native riparian trees and shrubs, and adjacent river or pond, 
surrounded by urban area. (13 transects: American River Parkway and Reichmuth Park, 
Sacramento County).

Oak-riparian-agriculture: similar vegetative conditions as for the Oak-Riparian-
Urban community but within cultivated agricultural land (9 transects: Babel Slough, 
Yolo County).

We characterized bird abundance (average number of bird detections/ha) in each of 
the five communities and calculated % abundance for each species in each community 
by dividing the species’ abundance in the community by its total abundance in all 
communities. We evaluated species associations with communities based on the presence 
or absence of species and major (>15%) differences in abundance.

Bird species numbers increased across the gradient from the young residential to the oak-
riparian communities (Table 1). In general, species were added to communities, rather than 
replaced by other species, across the gradient, with the largest increases occurring between 
urban forest without oak and urban forest with oak. Because the urban forest communities 

were highly similar in age, density, 
and tree species composition – 
except for the presence of Q. lobata 
(Greco and Airola 2018) – the 
increase in bird diversity appears 
to be attributable to the presence of 
oak. The increase in species between 
urban forest with oak and oak-
riparian communities likely reflects 
the presence of riparian trees (e.g., 
willow, cottonwood), native shrubs, 
and the presence of surface water 
(pond, slough, river).

International Oaks, No. 30, 2019

Photo 2/ Setophaga nigrescens (black-throated gray 
warbler). A neotropical migrant warbler that, like many 
other migrants in the Central Valley, favors areas of urban 
forest with oaks (Quercus lobata).
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Community No. Species No. Added No. Lost

Young Residential 18
Urban Forest without Oak 23 5
Urban Forest with Oak 31 8
Oak-Riparian-Urban 37 8 2
Oak-Riparian-Agriculture 38 4 3

Caching acorns in urban areas

Aphelocoma californica (California scrub-jay) is common in California oak woodlands 
and residential areas. In natural woodlands, individual scrub-jays harvest and cache 7,000 
acorns per year within their territories to provide a critical food resource during fall and 
winter (Carmen 2004). Caching, however, has not been studied in urban areas. 

In 2017, Airola (in prep.) characterized the oak resources and jay caching at four 
study areas in Sacramento to understand the mutual importance of oaks and jays in urban 
habitat. Total and acorn-bearing oak canopy and the numbers of jays using acorns were 
estimated in two areas, using both simultaneous observations and counts of territorial and 
non-territorial individuals. The total number of acorns distributed by local jay populations 
and individuals was estimated based on number of birds using sources and transport rates 
(# acorns/hr). 

Oaks occupied <1% of the extensive tree canopy in the 54-ha Midtown and 6-ha Bret 
Harte School areas. Only 24 (19%) of 126 oak trees produced acorns, of which 92% were 
Q. agrifolia. Quercus lobata had a nearly complete acorn crop failure, with only 2 of 52 
trees producing acorns. None of 23 non-native oaks produced acorns. 

Jays harvested acorns for >121 days. Flight tracking was hampered by the distance 
traveled as well as by visual and access obstructions, so only 12% of recorded flights 
were complete (i.e., to or from acorn sources and territories) and may not have been 
representative of all flights. Transport flight distances (i.e., both complete and incomplete 
flights) averaged 159 m (+ 109 m SD; n = 258). Therefore, the true average flight distance 
exceeded this mean. The longest flight was 665 m. Acorn-transporting jays regularly 
crossed territories of other jay pairs without eliciting territorial defense, presumably 
because they flew at treetops above defended areas. Few territorial disputes occurred 
near acorn sources. 

At least 20 and 13 scrub-jays used the Midtown and the Bret Harte acorn sources, 
respectively. Jays transported and cached an estimated total of 6,800 and 11,000 acorns 
from these sites for an average of 339 and 845 acorns cached seasonally per jay. The 
number of acorns cached per individual in Sacramento is an order of magnitude lower 
than in oak woodlands (Carmen 2004).

Trans-territorial acorn transport in urban Sacramento contrasts with the near exclusive 
within-territory harvest and caching behavior in natural woodlands (Carmen 2004). This 
behavioral difference may reflect both longer transport distances, which require more time 
per cached acorn, and availability of alternative foods in urban areas. The presence of 
California scrub-jays in urban areas that lack acorn resources, albeit at lower abundance 
(Table 2), suggests that acorns are a preferred but not essential jay food source.  

Birds and Oaks in California’s Urban Forest 
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Table 1/ Numbers of bird species recorded across a gradient of young urban-to-diverse woodland sites in 
the Sacramento region, California, with numbers of species added and lost compared to the composition 
of the preceding community.
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The benefits to oaks of jay dispersal are limited by human perception of oak seedlings 
as garden weeds, and in urban areas they are mostly removed, but planting by jays results 
in oak recruitment in less intensively maintained areas. These recruited oaks then provide 
habitat benefits to other jays and a variety of other wildlife species.

Species Species added Substantially high 
abundance

Calypte anna (Anna’s hummingbird) X

Buteo lineatus (red-shouldered hawk) X
Dryobates pubescens (downy woodpecker) X
Dryobates nuttallii (Nuttall’s woodpecker) X
Sayonoris nigricans (black phoebe) X
Aphelocoma californica (California scrub-jay) X
Baeolophus inornatus (oak titmouse) X
Psaltriparus minimus (bushtit) X
Sitta carolinensis (white-breasted nuthatch) X
Troglodytes aedon (house wren) X
Siala mexicana (Western bluebird) X
Sturnus vulgarus (European starling) X
Bombycilla cedrorum (cedar waxwing) X
Zonatrichia atricapilla (golden-crowned sparrow) X
Oreothlypis celata (orange-crowned warbler) X
Setophaga petechia (yellow-rumped warbler) X

Discussion

Our studies show that oaks contribute important habitat values for migrant and resident 
birds in urban forests of the Central Valley. High abundance of insectivorous migratory 
species in urban woodlands with native Q. lobata likely results from a greater diversity 
and abundance of insects in oaks than in the more abundant non-native trees. We also 
have shown important use of acorns by California scrub-jays in urban areas.  

Oaks are well adapted to urban areas (McPherson 1998; Sacramento Tree Foundation 
2007) and provide environmental values beyond wildlife habitat. Yet, native oaks are 
planted less often compared to non-native species (Greco and Airola 2018). The recent 
broader recognition of oak benefits has led to increased oak planting in Sacramento’s 
urban forest and greater protection of existing oak trees (Wyly and Teach 2015).   

Our limited work has shown new and important aspects of wildlife use of Central Valley 
urban forests. Considering the size and growth rate of urban areas, more comprehensive 
studies are warranted to better quantify the full range of values of oaks and other native 
trees in urban forests to birds and other wildlife, and to support management strategies to 
maintain and enhance these benefits.

Table 2/ Bird species that showed responses (presence or substantial increase in abundance) to the 
presence of oak canopy in urban forests in Sacramento.
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Photo 3/ Baeolophus inornatus (oak titmouse). 
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ABSTRACT

Climate is a critical factor of selection for forest tree species. Disentangling the functional 
mechanisms underlying climate adaptation is essential to understand current species 
distributions and predict future patterns under changing climatic conditions. In this study, 
we assessed whether drought resistance and growth potential have evolved as a result of 
climate adaptation in European/North African oaks (Quercus spp.), and explored a potential 
trade-off between functional strategies. Our hypothesis is that oaks have evolved towards 
increasing resistance to water deficit at the southern range as a result of selective pressures 
imposed by summer drought whereas a selection towards increasing growth potential has 
occurred in high productive areas of central Europe characterized by mesic summers. To test 
this hypothesis, we conducted a greenhouse experiment where seedlings originating from 11 
oak species were subjected to contrasting watering regimes. Our study revealed differences 
among oak species in traits related to growth and drought resistance. On average, species 
originating from climates with more severe dry seasons exhibited more sclerophyllous leaves 
with lower specific leaf area, mass-based photosynthetic rates and relative growth rates at 
the beginning of the growing season. Importantly, xeric species had higher growth rates at 
the end of the growing season and lower native embolism. A trade-off was observed between 
mass-based photosynthetic rates and native loss of hydraulic conductivity across treatments, 
indicating that species with higher growth potential are more vulnerable to xylem cavitation. 
Overall, our results showed that functional strategies are associated with the climate of origin 
in European/North African oaks.
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Introduction

A long-lasting theme in evolutionary ecology is to understand the factors that underlie 
species distributions. Species interact with abiotic and biotic environmental factors 
such as soil, aspect, slope, pathogens, herbivores, competitors or mutualists, and these 
interactions may affect their presence and abundance in a given area. Specifically, climate 
is considered one of the most critical factors that affect the broad-scale distribution of 
organisms. Consequently, disentangling the functional mechanisms responsible for 
climate adaptation is crucial to understanding current species distributions and predicting 
future patterns under changing climatic conditions. 

It has been hypothesized that distribution ranges are shaped by the ability of species 
to compete for resources and resist environmental (abiotic and biotic) stress. In fact, a 
trade-off between the resistance to environmental stress and growth potential has been 
proposed as a result of resource limitation (Tilman 1988). Many studies have reported 
differences between European and North African oak species in traits related to drought 
resistance (e.g., Corcuera et al. 2002; Lobo et al. 2018) and growth rates (e.g., Quero et 
al. 2008). However, the associations between functional strategies and climatic niches 
are still not clear. 

In this study, our goal was to determine to what extent the distributions of oak 
species (Quercus spp.) are associated with drought-resistance mechanisms and growth 
potential. Our hypothesis is that selective pressures imposed by summer drought in the 
Mediterranean climate have promoted the evolution towards increased resistance to water 
deficit, whereas a selection towards increasing competitive abilities has occurred in high 
productive areas of Central Europe characterized by mesic summers. Oaks are an ideal 
study system to test this hypothesis because they have contrasting distribution ranges that 
span a high variety of climates and functional strategies.

Here, we analyzed the differences in functional traits related to growth potential and 
drought resistance in 11 oak species grown under two watering treatments in a greenhouse 
experiment. Our specific questions were: i) Do oak species differ in traits related to 
growth potential and drought resistance? ii) Is there a trade-off between growth potential 
and drought resistance? iii) Are differences in functional traits associated with climatic 
variation? 

Methods

In autumn 2016, we collected acorns from one to three populations of seven “Roburoid” 
oaks (Quercus sect. Quercus): Q. robur, Q. petraea, Q. canariensis, Q. pubescens, Q. 
faginea, Q. fruticosa,1 Q. pyrenaica and four “Cerris” oaks (Quercus sect. Cerris): 
Q. cerris, Q. suber, Q. ilex, Q. coccifera. These species are characterized by different 
growth forms (shrubs, small trees, tall trees), leaf habits (deciduous, marcescent, semi-
evergreen, evergreen), ecological niches and distribution ranges (Fig. 1). We used species 
distribution maps and herbarium records for climate characterization.

In spring 2018, a common garden experiment was set up in a greenhouse following a 
randomized block design with four blocks (Fig. 2). Seedlings were grown for three months 
under well-watered conditions. In summer, two watering treatments were implemented: a 
well-watered treatment, where half of the plants per species were maintained at 23-30 % of 

1. Considered a synonym of Q. lusitanica.
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volumetric soil water content by watering plants to full soil water holding capacity every 
two days, and a dry treatment where the other half was subjected to three cycles of drought. 
Cycles of drought consisted in periods of 7, 10 and 25 days of water withdrawal, respectively. 
At the end of each cycle seedlings were watered to full capacity. 

Functional Diversification in the “Roburoid” and “Cerris” Oaks

International Oaks, No. 30, 2019

Figure 1/ Distribution ranges of section Quercus oaks (Quercus sect. Quercus) (a) Q. robur (b) Q. 
pubescens (c) Q. petraea (d) Q. pyrenaica (e) Q. faginea (f) Q. fruticosa (g) Q. canariensis and of section 
Cerris oaks (Quercus sect. Cerris): (h) Q. ilex subsp. rotundifolia* (i) Q. suber (j) Q. cerris (k) Q. coccifera. 
Maps for (a)-(c) and (h)-(k) were modified from Caudullo et al. (2017). Herbarium records shown in (d)-
(g) were obtained from Global Biodiversity Information Facility (http://www.gbif.org/). *Considered a 
synonym of Q. rotundifolia.
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Measurements

Stem height and basal diameter were measured three times: at the beginning of the 
growing season, at the start of the differential watering treatments and at the end of the 
experiment, in autumn 2018. The plant volume was estimated using the equation:

where, d is the basal diameter and h is the height of the plant. Volume was highly 
correlated with plant biomass across species (R2 = 0.70, P < 0.001). Absolute (AGR) and 
relative (RGR) growth rates were calculated for each period.

At the middle of the third drought cycle, we measured predawn and midday leaf water 
potentials (ΨPD, ΨMD, respectively) and gas exchange in all plants in the experiment. 
Water potentials were measured using a Scholander pressure chamber (Soil Moisture 
Equipment Corp., Santa Barbara, CA, USA). Gas exchange measurements were taken 
using a LICOR 6400 (LI-COR, Lincoln, NE, USA). Leaves used for gas exchange were 
scanned and dried at 60 °C for one week to estimate leaf area and dry leaf mass. We 
calculated specific leaf area (SLA) by dividing leaf area by leaf mass.

For section Quercus oaks, we also measured xylem water potential at midday (Ψxyl) 
and native embolism, i.e., the loss of hydraulic conductivity following Torres-Ruiz et 
al. (2015). We used a XYL’EM apparatus (Bronkhorst, France) to measure hydraulic 

a c

b

Figure 2/ A view of two blocks of the greenhouse experiment (left) and two plants with new leaves: 
Quercus petraea (top right) and Q. fruticosa (bottom right). 
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conductance at low pressure (≤ 2 kPa) before (ki) and after (kmax). Native percentage loss 
of hydraulic conductance (PLC) was calculated as: PLC = 100 - ki / kmax × 100.

Statistical analyses

Analyses of variance were implemented for growth and functional traits. In these analyses, 
species, watering treatment and block were included as fixed factors. Species and block (fixed 
factors) and midday xylem water potential (covariate) were included in the model for the 
analysis of PLC. In order to test whether traits were associated with climate, when differences 
among species were found, we performed linear regressions between species means and 
precipitation of the driest month. 

Results

There were differences between treatments in ΨPD and ΨMD, gas exchange traits and 
growth rates (Table 1). Specifically, plants in the well-watered treatment had higher ΨPD 
and ΨMD, area-based and mass-based photosynthesis (Aarea and Amass), area-based and 
mass-based stomatal conductance (gs,area and gs,mass) and absolute and relative growth rates 
(data not shown). No differences between treatments were found for the specific leaf area 
(SLA) (Table 1).

Species Treatment Species x treatment

Trait F test P-value F test P-value F test P-value

AGR1 6.39 <0.001 - - - -

RGR1 3.96 <0.001 - - - -

AGR2 4.54 <0.001 5.21 0.024 0.95 0.488

RGR2 8.04 <0.001 4.53 0.035 1.59 0.111

SLA 75.96 <0.001 1.11 0.293 2.17 0.021

ΨPD 1.57 0.116 35.04 <0.001 1.29 0.239

ΨMD 2.56 0.006 54.04 <0.001 1.66 0.092

Amass 3.89 <0.001 103.43 <0.001 2.52 0.007

Aarea 2.75 0.003 105.23 <0.001 2.19 0.019

gs,mass 2.84 0.002 52.76 <0.001 1.69 0.085

gs,area 4.39 <0.001 73.70 <0.001 2.01 0.034

WUEi 1.69 0.083 29.61 <0.001 1.25 0.258

Species showed differences in all traits except for ΨPD and intrinsic water use efficiency 
(WUEi) (Table 1). Section Quercus species also differed in PLC (F6,84 = 3.23, P = 0.007) 
but not in Ψxyl (F6,84 = 1.03, P = 415). In addition, SLA, Amass, Aarea and gs,area exhibited 
species by treatment interaction (Table 1). Our results showed that under well-watered 
conditions, species from more mesic climates had higher relative growth rates at the 
beginning of the growing season (RGR1) but lower after beginning of watering treatments 
at the end of the growing season (RGR2), than species from more xeric areas (Fig. 3). 

Table 1/ Results of the analyses of the variance for the studied traits. AGR1 and RGR1: absolute and 
relative growth rates in the first period; AGR2 and RGR2: absolute and relative growth rates in the 
second period; SLA: specific leaf area, ΨPD and ΨMD, predawn and midday leaf water potentials; Amass 
and Aarea: mass-based and area-based photosynthetic rates; gs,mass and gs,area: mass-based and area-based 
stomatal conductance; WUEi: intrisic water-use efficiency.
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Species from mesic areas also had thinner leaves with higher SLA and higher mass-
based photosynthesis (Amass) (Fig. 4). Species in section Quercus from mesic climates 
exhibited higher PLC in comparison with more xeric species (Fig. 4). Importantly, there 
was a negative association between Amass and PLC (Fig. 4) but not between growth rates 
measured in early summer (RGR1) and PLC (data not shown).

Discussion

Our study revealed differences in traits related to growth and drought resistance among 
oak species. Climatic distributions of oaks were associated with functional strategies, in 
particular with the ability to grow and compete under mesic conditions and resist low 
water potentials under a dry environment.

Photosynthesis and growth rates
Differences among species in assimilation rates have been extensively reported in 

oaks. In general, deciduous species originating from mesic areas tend to have higher 
mass-based photosynthetic rates (Amass) than species from xeric areas (Mahal et al. 2009). 
In our study, we observed that there was a strong negative association between Amass and 
precipitation of the driest month. This pattern was mainly due to differences in SLA 

Figure 3/ Relationships between 
precipitation in the driest month and 
relative growth rate before the start of the 
watering treatments (RGR1) and after the 
start of the watering treatments (RGR2). 
Species names in black are “Roburoid” 
oaks; in orange “Cerris” oaks.
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among species, that was also related across species with the precipitation of the driest 
month at the origin of species. Together, these results indicate that species from xeric 
areas invest more in structural tissues, probably as an adaptation to reduce water loss 
and resist high temperatures in summer, whereas species from mesic areas have higher 
investment in photosynthetic tissues per unit leaf mass that allows them to grow faster in 
non-limiting water conditions (Peguero-Pina et al. 2017).

Differences in photosynthetic rates did not result in differences in growth rates among 
species for the entire period of the experiment. However, species did differ in absolute 
and relative growth rates when the first and second periods were analyzed separately. 
Specifically, species from mesic areas, which also had higher Amass exhibited higher growth 
rates in the first half of the experiment (RGR1) under well-watered conditions, whereas 
species from xeric areas maintained higher growth rates in the second half (RGR2). These 
results indicate that there are phenological differences in growth patterns among species, 
probably as an adaptation to different onset and length of the growing season.

Trade-off between growth and drought tolerance
Our measurements of native embolism showed that section Quercus species from 

xeric areas had lower loss of hydraulic conductivity, suggesting higher resistance to 

Figure 4/ Relationships between precipitation in the driest month and (a) specific leaf area SLA); (b) 
mass-based photosynthetic rate (Amass); (c) percentage loss of hydraulic conductivity (PLC). Relationship 
between Amass in the well-watered treatment (Amass W) and PLC is shown in (d).
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xylem embolism, than section Quercus oaks from mesic areas. In general, Mediterranean 
species tend to be more resistant to embolism than temperate species. This pattern has 
been previously observed in oaks. For instance, Lobo et al (2018) in a recent study on 
American and European oak species observed that Mediterranean species such as Q. 
ilex and Q. suber had more negative xylem water potential values (at 12%, 50% and 88 
% loss of conductivity) than temperate oaks such as Q. petraea and Q. robur. This is a 
consequence of the less vulnerable hydraulic system of stems in the evergreen drought- 
tolerant species. Similarly, in a study on Californian oaks, Skelton et al. (2018) found 
that xylem embolism was negatively correlated with the aridity of summer months. In our 
case, native embolism after imposition of water stress was highly correlated with rainfall 
of the driest month of the growing season.  

Interestingly, findings for native embolism are consistent with those for photosynthetic 
rates and specific leaf area. In particular, a positive association between mass-based 
photosynthesis and percentage loss of conductivity was found, indicating that species with 
higher potential for carbon uptake have higher vulnerability to xylem cavitation. These 
results suggest that greater drought resistance presumably provides a fitness advantage in 
xeric areas with low rainfall during the growing season. Greater accumulation of biomass 
in temperate climates with a mesic growing season probably provides a fitness advantage 
to compete for other resources such as light. 
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ABSTRACT

Nutrient cycling in forest ecosystems depends mainly on litter decomposition. However, 
plant species differ in foliar resorption efficiency (FRE), that is, the process by which a 
proportion of the nitrogen (N) and phosphorus (P) contained in the leaf tissue is recovered 
before leaf abscission. Therefore, species differ in the quantity and quality of resources that 
they return to the soil, with important consequences for associated biotic communities and 
ecosystem processes. Previous studies have suggested that Red Oak species (section Lobatae) 
have a higher FRE than White Oak species (section Quercus). Therefore, an effect of oak 
community diversity and composition can be expected on nutrient concentration in litter and 
soil. To test this hypothesis, we evaluated oak community diversity and composition along 
66 transects in 22 sites in central-western Mexico and quantified total N and P in litter and 
soil samples. Total N concentration in litter was positively correlated with total oak species 
richness, White Oak species richness and the proportion of White Oak species. In soil, total 
N showed a positive correlation with total species richness. Total P did not show a correlation 
with any of the descriptors of the oak community diversity and structure. We suggest that 
significant interactions at the level of nutrient cycling could exist between species of these 
two oak sections, influencing the oak community assembly process, associated organisms, 
and ecosystem processes.
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Introduction

The aboveground and belowground components of ecosystems are linked by multiple 
interactions and feedbacks that greatly influence the processes and properties of 
biological communities and the flow of matter and energy across trophic levels (Wardle 
et al. 2004). In forest ecosystems, one of the key linkages is leaf drop from the trees, by 
which photosynthates (carbon) and nutrients such as nitrogen (N) and phosphorus (P) can 
be incorporated in the soil through the process of decomposition (Wardle et al. 2004). 
However, the concentration of N and P in the litterfall is influenced by nutrient resorption 
in senescent leaves (Chávez-Vergara and García-Oliva 2013). This process involves the 
catalysis of macromolecules such as proteins, phospholipids, nucleic acids, pigments and 
non-structural carbohydrates, and the mobilization of the nutrients they contain into other 
plant tissues before leaf drop. Through nutrient resorption, plants are able to recover only 
a proportion of the total N and P contained in the original leaf tissue. The magnitude of 
this proportion is known as foliar resorption efficiency (FRE), which is, therefore, the 
main regulator of nutrient return from the plants to the soil and has a great influence on 
the fertility of the forest floor (Chávez-Vergara and García-Oliva 2013). 

Foliar resorption efficiency shows plastic variation depending on environmental 
factors such as soil-water and nutrient availability, but consistent differences among plant 
taxonomic groups have been observed, indicating that FRE has a genetic component 
(Chávez-Vergara et al. 2014). Based on a literature survey, Chávez-Vergara and García-
Oliva (2013, and unpublished data) suggested that oaks in section Lobatae (Red Oaks) 
have a higher FRE for nitrogen than oaks in sections Quercus (White Oaks) and Cerris but 
did not observe differences for phosphorus FRE. In a detailed series of studies comparing 
one deciduous Red Oak species and one deciduous White Oak species (Quercus castanea 
and Q. deserticola, respectively) in a local stand in central Mexico, it was observed that 
the Red Oak has a higher FRE for both N and P and a higher proportion of recalcitrant 
compounds in the litterfall and litter, making decomposition more difficult (Chávez-
Vergara et al. 2014, 2015, 2018). Consequently, nutrient availability in the litter and soil 
was higher under the White Oak than under the Red Oak (Chávez-Vergara et al. 2014, 
2015, 2018) and differences were also observed in the activity and composition of the 
microbial communities under the two species (Chávez-Vergara et al. 2014, 2016).

Nevertheless, these previous studies have been somewhat limited by being focused 
in a single site with two coexisting species. Mexico is a worldwide center of diversity 
for oak species (Hipp et al. 2018) with a range of oak communities of different diversity 
and composition. For this study, we predicted that if FRE actually differs in a consistent 
manner between Red and White Oaks, then an effect of the oak community diversity and 
structure should be observed on nutrient concentration in litter and soil across sites. To 
test this prediction, we sampled a number of oak forests following a gradient of diversity 
and composition in central-western Mexico and determined the relationship of total N 
and P concentration in litter and soil with the descriptors of the oak community diversity 
and structure.  

Methods

The study was conducted in central-western Mexico, particularly in Michoacán where 
between 30 and 37 oak species have been reported (Arizaga et al. 2009; Uribe-Salas et 
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al. 2019). Species richness depends on the physiographic region, with about 30 species 
in the Trans-Mexican Volcanic Belt and 19 species in the Sierra Madre del Sur, and less 
than 5 species in the Balsas Depression (Uribe-Salas et al. 2019). 

Based on this distribution information, 20 sites were selected for sampling in 
Michoacán, with two additional sites in the contiguous states of Jalisco and Mexico 
(Fig. 1). Sites represented the distribution of oak species richness in the region and were 
oak-dominated stands (< 10% pines or other tree species). At each site, three transects of  
100 × 40 m, separated by at least 500 m, were established. In each transect, we counted 
all oak individuals with a diameter at breast height (DBH) > 10 cm and identified them 
to species level. Soil and litter samples were taken every 20 m along the transect. Litter 
was collected using a 16 cm PVC ring, and soil was sampled from the uppermost 15 cm 
of the mineral layer with a Dutch auger. The five litter and soil samples were combined 
to produce a litter and a soil composite sample for each transect. Samples were stored in 
hermetic bags at 4 °C in the dark until laboratory analysis.

From each sample, 10 g of fresh-weighted material was dried to constant weight 
at 70 °C in a stove to determine moisture percentage and in order to express nutrient 
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Figure 1/ Map of central-western Mexico showing the location of the 22 oak forests sampled.
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concentration on a dry-litter or soil-
mass basis. For the determination 
of total N and P, samples were 
subjected to acid digestion in a 
mixture of concentrated H2SO4 
and K2SO4 with CuSO4 as a 
catalyst. Digested samples were 
analyzed colorimetrically with 
a Bran-Luebbe Auto Analyzer 3 
(Norderstedt, Germany). Nitrogen 
was determined by the micro-
Kjeldahl method (Bremmer 1996) 
and P by the molybdate colorimetric 
method following ascorbic acid 
reduction (Murphy and Riley 1962).

From the census data of oaks, we determined for each transect the total oak species 
richness, Red Oak species richness, White Oak species richness, and the proportion of 
White Oak species. Finally, values of total N and P concentration in litter and soil samples 
were regressed against these descriptors of oak community diversity and composition.

Results

In total, we observed 12 oak species in our transects. Of these, 6 were White Oaks 
(Q. deserticola, Q. glaucoides, Q. magnoliifolia, Q. obtusata, Q. peduncularis and Q. 
rugosa) and 6 were Red Oaks (Q. acutifolia, Q. calophylla, Q. crassifolia, Q. crassipes, 
and Q. laurina). The most frequent species was Q. castanea, which was observed in 40 
(60%) transects, followed by Q. obtusata (47% of transects), Q. rugosa (35%) and Q. 
magnoliifolia (27%) (Fig. 2). The least-frequent species were Q. crassifolia (11%), Q. 
deserticola and Q. acutifolia (both 6%), and Q. peduncularis (3%) (Fig. 2). The species 
richness per transect varied between 1 and 6 species, with a majority of the transects 
having 2 species (32, 48%); 6 transects (9%) having 1 species, and only 1 transect (1.5%) 
having 6 species. The proportion of White and Red Oak species showed a strong tendency 
towards equality, with 29 transects (44%) having Red and White Oak species in equal 
proportion (0.5), and few transects with only Red or White Oak species (7 for each case). 

Total nitrogen concentration in litter was positively correlated with total oak species 
richness (R2 = 0.1; P = 0.04), White Oak species richness (R2 = 0.22; P = 0.0014) and 
the proportion of White Oak species (R2 = 0.1; P = 0.039) (Fig. 3). In soil, total nitrogen 
concentration showed a positive correlation with total species richness (R2 = 0.13; P = 
0.01) (Fig. 4). Total phosphorus concentration did not show a correlation with any of the 
descriptors of the oak community diversity and structure.

Discussion

As predicted by our hypothesis, we observed a correlation between nutrient 
concentration (total N) with the diversity and structure of the oak community. In the 
case of litter, the concentration of total N was most strongly correlated with the White 
Oak species richness. In the soil, the correlation of total N was observed only with total 

Figure 2/ The 12 oak species observed and the frequency of 
presence of each one in the 66 transects. 
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species richness. We propose that these effects arise from general functional differences 
between the Red and White Oak sections, regarding N resorption efficiency. 

Previously, no clear functional differences have been found between Red and White 
Oaks. According to a recently published phylogenetic analysis, these two sections of 
subgenus Quercus experienced a parallel radiation both in geographic and ecological 
space in North America (Hipp et al. 2018). A comparison of functional traits related 
to water-use revealed strong differentiation among several species in central Mexico, 
but little consistent differences at the section level (Aguilar-Romero et al. 2017). 
Furthermore, a survey of oak communities across the United States revealed that the 

Figure 3/ Correlation of total N concentration (mg/g) in litter and A) total oak species richness (R2 = 0.1; 
P = 0.04), B) White Oak species richness (R2 = 0.22; P = 0.0014); and c) proportion of White Oak species 
(R2 = 0.1; P = 0.039).

Figure 4/ Correlation of total N concentration (mg/g) in soil and total oak species richness (R2 = 0.13; 
P = 0.01).
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two sections have a similar geographic distribution and a high degree of coexistence in 
local stands, resulting in a pattern of phylogenetic over-dispersion in local community 
structure (Cavender-Bares et al. 2018). The results of our survey of oak forests in 
central western Mexico also showed these patterns, since a disproportionate number of 
transects had equal proportions of Red and White Oak species, suggesting a nonrandom 
assembly process of the communities. Cavender-Bares et al. (2018) hypothesized 
that ecological processes such as the complementarity of the regeneration niche, the 
temporal segregation in recruitment, a higher resistance to pathogens and diseases, and 
even reduced introgression, could explain the enhanced coexistence of Red and White 
Oaks. The results of this study suggest that interactions at the level of nutrient cycling 
could also exist between species of the two oak sections and influence the community 
assembly process. These interactions could also have an effect on the assemblages of soil 
microorganisms and on other associated organisms, as well as on ecosystem functioning. 
Further studies using molecular metabarcoding techniques of microbial communities 
and a more detailed quantification of nutrient forms in the soil and the litter across our 
samples will aid in examining these intriguing topics.
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ABSTRACT

The widespread Eastern North American oak, Quercus macrocarpa, is an ideal species 
for studying hybridization. Like most oaks, it exhibits strong morphological and ecological 
species coherence, but it hybridizes readily with at least eight currently or historically 
sympatric oak species throughout its range from Texas north to Manitoba, and from Michigan 
west across the Great Plains. Its geographic and ecological variation makes it a good candidate 
to address the question of how hybridization and gene flow might affect adaptation. Our study 
investigates (1) population genetic structure of Q. macrocarpa and (2) genetic coherence of 
the species throughout its range, as it comes into contact with five widespread cooccurring 
White Oak species whose ranges all overlap a subset of the range of Q. macrocarpa. 
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Introduction

In the taxonomic world, the oaks are known as a rambunctious group, notorious for 
hybridizing. Anyone who has puzzled over oak identification, particularly in a mixed-
species stand, is familiar with this idea. Botanists have been talking about hybridization 
in the group back to at least 1848, when Asa Gray included two oak hybrid species in 
Manual of the Botany of the Northern United States (Gray and Sullivant 1848). In 1975, 
James Hardin (1975) reported hybrids involving all of the 16 North American White Oak 
species (except Q. chapmanii  and Q. oglethorpensis, and hybrids involving these species 
have subsequently been found; Coombes and Coates 1997; Muller 1961). The range of Q. 
macrocarpa (bur oak), our study species, overlaps with that of many other White Oaks, 
making it an apt species for studying multispecies hybridization. 

In this report, we present preliminary data on the question of how much hybridization 
is occurring between Q. macrocarpa (bur oak) and other White Oaks with which it 
is sympatric, through rangewide sampling of Q. macrocarpa and five co-occurring 
species: Q. alba (white oak), Q. bicolor (swamp white oak), Q. stellata (post oak), Q. 
muehlenbergii (chinkapin oak),  and Q. lyrata (overcup oak). Quercus macrocarpa is 
known to hybridize with all of these species (Hardin 1975). One previous study, Schnabel 
and Hamrick (1990), sampled Q. macrocarpa across its range. Looking at the population 
genetics of Q. macrocarpa and Q. gambelii with allozymes, they found high genetic 
variability within populations of each species but low genetic differentiation among 
populations, as well as evidence of past hybridization between the species (Schnabel 
and Hamrick 1990; see also Chechowitz et al. 1990 and McVay et al. 2017b for evidence 
of hybridization between Q. gambelii and Q. macrocarpa). They attributed this pattern 
to high levels of gene flow within the species (Schnabel and Hamrick 1990). Within 
the Chicago region, a study looking at the White Oaks of the area found that while Q. 
macrocarpa, Q. alba, and Q. bicolor were morphologically distinguishable, a sample of 
five microsatellites could not delineate the species genetically (Craft and Ashley 2006). 
Again, the authors suggest that this pattern results from high rates of gene flow within 
and among these three species (Craft and Ashley 2006), though one previous isozyme 
study (Geburek and Tripp-Knowles 1994) reported relatively low genetic diversity and 
high within-population genetic autocorrelation in an isolated Q. macrocarpa population 
in northwest Ontario, suggesting low gene flow.

Quercus macrocarpa ranges from southern Manitoba, Saskatchewan, Ontario and 
Quebec, south through Texas, west into the Great Plains, and east into northern New 
England. It grows in a diversity of habitats: in a season of intensive sampling, we found 
it along rivers in bottomlands, on dry limestone and granite hilltops, and in mesic soils 
in between. It mixes into oak-hickory forests and dominates oak savannas. In prairies, it 
plays a particularly important role as, thanks to its thick bark, it is often the only tree that 
survives the frequent prairie fires. Throughout these different ecosystems, Q. macrocarpa 
faces a variety of environmental stresses.  In the northern part of its range, the trees must 
tolerate frigid winter temperatures and a short growing season, while the southern part 
of its range has much longer growing seasons but hotter summers with more frequent 
droughts. 

For genetic data, we used Hyb-Seq, a target capture method of next-generation 
sequencing library preparation that yields ca. 460 nuclear gene sequences for each 
individual. The resulting data should provide good support for deeper phylogenetic 
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relationships as well as population-level analyses (Weitemier et al. 2014).  We are using 
these data to address the following questions: 

1. What patterns do we see in the population genetic structure of Q. macrocarpa across 
its geographic range? We expect to see clinal patterns in genetic differentiation 
along the latitudinal gradient as climate and environmental stresses change from 
north to south.

2. Is there evidence of hybridization and introgression between Q. macrocarpa and 
co-occurring White Oak species? With this question, we revisit the idea of rampant 
hybridization in oaks. 

While we expected to see evidence of introgression and hybridization, we also 
expected our multilocus dataset to delineate all of our study species in line with their 
morphological species identity.

Methods

We used the genome of Q. robur (English oak) (Plomion et al. 2016) as the basis 
for bait design. Combining this reference genome with the transcriptomes from Q. 
robur (https://arachne.pierroton.inra.fr/QuercusPortal/) (Lesur et al. 2015), Q. lobata 
(https://valleyoak.ucla.edu) (Cokus et al. 2015), Q. alba and Q. rubra (https://www.
hardwoodgenomics.org/), we identified a set of 403 single-copy nuclear genes. Using 
data from drought tolerance and bud-break phenology studies (Gugger et al. 2016; www.
evoltree.eu; Sork et al. 2016; Oney-Birol et al. 2018; Plomion et al. 2018), we identified 
60 functional genes that we expected to vary along the latitudinal gradient from Manitoba 
to Texas. Two freezing-tolerance genes were selected based on the findings of Meireles et 
al. 2017. Given this list of 465 target genes, our Hyb-Seq bait sequences were synthesized 
by Arbor Biosciences, Ann Arbor, Michigan.

Through coordination with a network of researchers, herbarium curators, and state 
land managers, as well as online herbaria, we compiled a list of 96 possible sampling 
sites, chosen to cover a wide range of the distribution of Q. macrocarpa starting in 
Manitoba, where it is the only White Oak species, and moving south as it intersects with 
Q. alba and Q. bicolor first, then Q. stellata, Q. muehlenbergii, and several more species 
(Fig. 1). Within that range, we opportunistically collected the co-occurring White Oak 
species, including a few sites around Chicago where Q. macrocarpa populations had 
been previously studied (Craft and Ashley 2006; Dow and Ashley 1996). To fill in gaps 
and expand our range, we sampled the entire Q. macrocarpa collection at Starhill Forest 
Arboretum (Petersburg, IL, USA).

At each site, our goal was to collect 10 individuals from each White Oak species 
present, with at least 100 feet between individuals of each species. When such collections 
were not possible due to number of available trees or distance between trees, we collected 
what was available. We sampled oak populations at 62 sites and 968 trees throughout 
the range of Q. macrocarpa during the summer of 2017. Qercus macrocarpa, Q. alba, 
Q. bicolor, Q. stellata, Q. muehlenbergii and Q lyrata were collected at each site where 
they were found. Up to three individuals from each species at a site, spaced widely 
within the site, were chosen for sequencing; where fewer than three were available, all 
that were available were sequenced. We sequenced three Q. macrocarpa for over half of 
our sites. All Q. macrocarpa in the Starhill Forest Arboretum collection were selected 
for sequencing. 

Population Genetics of Quercus macrocarpa
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To date, we have sequenced 345 individuals. We used Hyb-Seq methods described 
in Villaverde et al. (2018) to prepare our next-generation sequencing libraries. All 
samples were sequenced on the MiSeq (Illumina, Inc., San Diego, CA, USA) in the 
Pritzker Laboratory at the Field Museum (Chicago, IL, USA). After sequencing, low-
quality bases were trimmed from the sequences (Bolger et al. 2014) and these trimmed 
DNA fragments were mapped back to the sequences of our target genes to create gene 
assemblies (Johnson et al. 2016). For each locus, we aligned the assemblies from all 
individuals (Katoh et al. 2002). Based on manual curation of the multiple alignments 
of each locus, 93 loci were removed from our analyses because we suspected they were 
clustered paralogs. Subtracting these alignments from our total of 465 target genes, we 
used 372 loci for phylogenetic analyses and a Bayesian population-assignment method 
(Pritchard et al. 2000) to estimate the population genetic structure of each of our species 
as well as admixture among species. We excluded Q. lyrata from analyses because only 
two individuals were collected.

Figure 1/ Sampling maps. Sites where each species was collected are indicated by the triangles and 
are overlaid onto the range maps for each species. Sites were selected to cover the range of Quercus 
macrocarpa. (a) Q. macrocarpa (b) Q. alba (c) Q. bicolor and Q. stellata (d) Q. muehlenbergii.
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Results and discussion

The phylogenetic tree shows all individuals separating into genetically cohesive taxa 
that align with their morphological identity, with the exception of three individuals 
identified in the field as Q. macrocarpa that fall within the Q. bicolor clade (Fig. 2). 
However, they have now been identified as Q. bicolor in the herbarium, although they 
have some intermediate characteristics. As expected based on previous studies (McVay 
et al. 2017a; Hipp et al. 2018), relationships among species throughout the tree are well 
supported. One notable exception is Q. macrocarpa and Q. bicolor, which are separated 
with low support (Fig. 2). This is most likely the result of recent hybridization between 
those two species in these populations, as evidenced by the admixture analysis.

Admixture analyses of population genetic structure demonstrate recent hybridization 
between species (Fig. 3). Despite this evidence of hybridization, all five species can be 
distinguished from one another when population numbers (K) are assumed to be six or 
greater (Fig. 3). At K = 5, however, Q. bicolor clusters with Q. macrocarpa, rather than 
in its own genetic group (Fig. 3). Instead, two genotypes appear within Q. macrocarpa, 
with Q. bicolor included in one of the genotypes. This provides intriguing and 
previously undemonstrated evidence for genetic differentiation within Q. macrocarpa. 
Remarkably, the two genotypes within Q. macrocarpa separate from each other more 
readily in admixture analysis than Q. macrocarpa does from Q. bicolor. We do not see 
population genetic substructure within the other study species (Fig. 3), but we have not 
yet investigated this closely. The genetic differentiation within Q. macrocarpa appears to 
occur along a latitudinal gradient. One genetic group occurs mostly in the northern range 

Figure 2/ Maximum likelihood tree. Bars denote species for each clade. All individuals of a species fall 
within each species clade.The three Quercus bicolor that were previously identified as Q. macrocarpa are 
indicated by the star. Bootstrap support is shown at the nodes.
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with the other in the southern part of the range, but traveling up the Mississippi River. 
All of these results are preliminary. In particular, it should be noted that the assembly 

pipeline we used to date (HybPiper; Johnson et al. 2016) does not by default call any base 
pairs as heterozygotic. Given that oaks are highly heterozygotic, this suggests that our 
results may not yet be telling the complete story. Moving forward, we will be refining 
our analyses to include heterozygosity at each locus. We expect that this will improve our 
power to distinguish introgressants.

Conclusion

 Using our multilocus dataset, we find that despite apparent introgression, these oak 
species are genetically cohesive. Our question now is what allows different species to 
remain distinct in the face of regular gene flow. Are species differentiated by adaptation to 
different habitats in the environment, and maintained by selection on the functional genes 
required to survive different environments? Do adaptive genes move among species more 
readily because they are strongly selected irrespective of habitat?  Or do both processes 
occur in different loci? Our work aims to discern which genes are moving between species 
as a function of what those genes do. We will look more closely at the functional genes 
targeted by our baits to understand how alleles affecting freezing or drought tolerance 
and budbreak phenology might be passed between populations, and whether gene flow 
between species facilitates adaptation to climate change. Understanding how selection 

Figure 3/ Bayesian population analysis conducted in STRUCTURE. Each color represents a different 
genetic group. Note that the colors change between the two results shown. Both analyses show population 
genetic subdivision within the Quercus macrocarpa. In addition, for K=5, Q. bicolor groups with one 
genotype of Q. macrocarpa.
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moves genes among populations within the species will provide important insight into 
the process that drives the evolution of oaks, one of the Temperate Zone’s most important 
woody genera.
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Episodic Hybrid Advantage Keeps 
Species Boundaries Low in Oaks
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ABSTRACT

Permeable species boundaries are common within the order Fagales, suggesting that 
hybridization has adaptive value. We hypothesize that some hybrid individuals have novel 
allelic combinations that may enable survival during severe abiotic stress. We also propose 
that this effect is strongest during the long juvenile period of the life cycle. Our studied 
species pairs are the sympatric Quercus macrocarpa-Q. bicolor and the allopatric Q. robur-Q. 
bicolor. Hybrids were the naturally pollinated progeny of Q. ×warei (Q. robur × bicolor) 
and Q. ×schuettei (Q. bicolor × macrocarpa). At age two, 500 parentage-known progeny of 
each hybrid type and 80-100 seedlings of each parent species were moved into a greenhouse. 
Half of the seedlings were subjected to four consecutive weeks of intense drought, while 
the other half were well watered. Two leaves per individual were saved for sequencing. Our 
study showed that the Q. ×warei hybrid seedlings showed higher survival rates than either 
of its parent species, and the Q. ×schuettei hybrid seedlings showed survival rates closer to 
the drought-tolerant parent species Q. macrocarpa. This result supports our hypothesis that 
cyclical abiotic stress events, such as drought, can favor survival of hybrid seedlings. This 
helps to explain why there is a consistent, but low-level, presence of hybrids in all mixed-
species stands of oaks.
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Introduction

Permeable species boundaries are regularly observed within the order Fagales (e.g., 
Quercus, Castanea, Fagus, Carya, Betula, Juglans, etc.), suggesting that hybridization 
may serve an adaptive purpose. Hybridization provides access to novel allelic combinations 
that may enhance survival under extended abiotic stress. Understanding the role of 
hybridization in adapting to a changing climate will allow the scientific community to 
better predict the location and species composition of future forests.

Mature, fertile, hybrid individuals occur in low but consistent frequencies within 
oak populations, often ~5% (Curtu et al. 2007; Burgarella et al. 2009) and up to 30% 
(Lepais et al. 2009), across a wide range of sympatric temperate oak species (Curtu et al. 
2009). Sympatric oak species often share chloroplast haplotypes, indicating repeatedly 
successful hybridization followed by introgression back into one of the parental species 
(Petit et al. 2004).

Theory predicts that most allelic combinations in hybrids will be largely neutral or mildly 
detrimental under standard environmental conditions, due to slight Bateson-Dobzhansky-
Muller (BDM) incompatibilities. However, when placed under environmental stress, 
some ordinarily neutral or detrimental combinations may provide a temporary fitness 
advantage allowing hybrid seedlings to survive an episodic stress that kills off most 
of their competitors. This competitive advantage accumulates like compound interest, 
enhancing the probability of survival to maturity with every passing year. These few 
hybrids are most likely to introgress those alleles back into the parent species. Thus the 
novel allelic combinations generated through hybridization could ensure the survival of 
parent species under episodic severe stress. 

Our research is focused on 
whether a specific ecological 
process (drought) creates a 
temporary advantage in growth and 
survival for some young hybrid oak 
seedlings compared to their parental 
species counterparts. We term this 
the hybrid episodic advantage 
theory (HEAT). We predict that 
drought stress is the most likely 
environmental stress influencing 
hybrid survival, due to its cyclical 
behavior and strong selective effects 
on seedlings. These effects would 
play out over centennial cycles in 
nature. However, our predictions 
can be directly tested in structured 
populations of oak seedlings. 

The species pairs we focus on 
in this study are the sympatric 
Q. macrocarpa-Q. bicolor and 
allopatric Q. robur-Q. bicolor. The 
North American Q. bicolor (swamp 
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Photo 1/ Quercus ×warei on the University of Missouri 
campus.
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white oak) and the European Q. robur (pedunculate oak) occupy similar ecological niches 
in their respective continents. Quercus bicolor prefers bottomland subject to periodic 
flooding and Q. robur can grow well under somewhat drier conditions, although it is 
not drought tolerant (Gibbs and Greig 1997). The North American Q. macrocarpa (bur 
oak) extends further south, west, and north and is more cold and drought tolerant than 
Q. bicolor. Quercus macrocarpa can grow on dry upland sites and on moist bottomland 
sites.

Materials and methods

Two hundred acorns from three hybrid Q. ×warei trees on the University of Missouri 
campus were collected in 2013 and planted in 2014. Twig tissue was collected in late 2015 
for DNA extraction. Seventy-seven acorns from one Q. ×schuettei were collected in 2015. 
Twig tissue from 58 adult Q. bicolor trees within 1 km of the chosen parent trees were also 
sampled to represent potential pollinators for these hybrid trees. These progeny samples 
were individually ground in a SPEX 6850 Freezer Mill and DNA extracted using a CTAB 
protocol (Hoban et al. 2010). PCR was accomplished in an Eppendorf thermocycler using 
the following protocol: 2 μl of DNA template, 3.65 μl double-distilled H2O, 1 μl 10X 
PCR Reaction Buffer (New England Biolabs), 10 mM dNTP, 1 μl of 4% bovine serum 
albumin, 25 mM MgCl2, 4 pmol of each forward and reverse primer and 0.15 U of Taq 
polymerase. The PCR amplification protocol consisted of an initial denaturation at 95 
°C for 4 min, followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 
30 s, with final extensions at 60 °C 
for 45 min and 72 °C for 10 min. 
The samples were genotyped using 
18 EST-SSR markers designed from 
Q. robur. Quercus ×warei progeny 
were genotyped using all 18 markers 
and the Q. ×schuettei progeny were 
genotyped using a subset of 8 of 
these markers on an ABI-3730xl 
at the Notre Dame Genomics Core 
Facility. Genotype calls were made 
with GeneMapper 4.0. Parentage 
was determined using Cervus 3.0.7 
(Kalinowski et al. 2010).

In 2015, 1,000 acorns were 
collected from one Q. ×schuettei and 
one Q. ×warei tree on the University 
of Missouri Campus. Five hundred 
acorns were collected from one Q. 
bicolor, two Q. macrocarpa, and 
one Q. robur to represent the parent 
species. After float testing to assess 
viability, the remaining acorns were 
stratified at 4 °C in Ziploc bags for 
six months. After a second float test 
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Photo 2/ Quercus ×schuettei on the University of Missouri 
campus.
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for viability, acorns were planted at a density of 200 acorns in a tray measuring 40 cm × 
40 cm × 12.7 cm in April 2016. In June 2016, seedlings were transplanted from the trays 
to pots measuring 6 cm × 9.5 cm and placed in an outdoor shade house. In September 
2016, 500 seedlings of Q. ×schuettei, 523 seedlings of Q. ×warei, 103 seedlings of Q. 
bicolor, 90 seedlings of Q. robur, and 100 seedlings of Q. macrocarpa were transplanted 
without disrupting the root ball into pots of 10.2 cm × 25.4 cm and allowed to go dormant 
naturally. All seedlings were overwintered outdoors by soaking the potted soil, placing 
the pots on their sides and covering the pots with layers of polyethylene and wheat straw.

In April 2017, the coverings 
were removed, the pots were 
stood upright, and seedlings broke 
dormancy naturally. Leaf samples 
from all seedlings were collected 
in May 2017. When the leaves were 
fully flushed, the seedlings were 
moved into a greenhouse and left to 
acclimate with regular watering. One 
half of the greenhouse contained the 
drought treatment with randomized 
within-species/hybrid blocks and 
the other half contained the control 
treatment. When all seedlings 
had completed a second flush, the 
drought treatment was initiated 
and all watering ceased. On June 
8, initial measurements of plant 
height, pot weight, and leaf count 

were taken for both treatments. Plant height was measured with a meter stick from the 
base soil level. Pot weight was measured by moving the pot onto a scale, then replacing 
the pot. Leaf count was done by counting the number of leaves that were at least partly 
green.

Two weeks into the drought, leaf count and pot weight measurements were taken for 
the drought treatment, and pot weight for the control treatment. The drought test was 
concluded on July 10 and regular watering resumed. Greenhouse temperatures during 
the test ranged between 20 °C and 44 °C. Post-drought measurements of leaf count, 
height, and pot weight were taken for both treatments. In mid-August all plants were 
moved back outside and watered twice a week. The seedlings went dormant naturally 
and were prepared the same way as the previous winter. In April 2018, the seedlings 
were uncovered and stood up. In mid-May final survival assessment was recorded for all 
samples. 

Results

In 2015, we tested the parentage of a group of progeny from the Q. ×warei and Q. 
×schuettei we used as seed parents in our drought test. Our parentage analysis of 35 
progeny of  Q. ×warei showed that ~89% of seeds from this tree were pollinated by a 
neighboring Q. robur approximately 30 m away, ~10% were pollinated by a Q. robur 

Photo 3/ One half of the greenhouse contained the drought 
treatment with a randomized within-species/hybrid blocks 
and the other half contained the control treatment.
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approximately 125 m away, and the remaining ~1% were pollinated by other oaks in the 
area. Thus we have assumed that most of the seed produced by this tree in 2016 was also 
pollinated by these same two Q. robur individuals. The Q. ×schuettei seed tree is located 
within 100 m of many potential pollinators, including other hybrids. The 88 progeny of Q. 
×schuettei we tested in 2015 showed no predominant pollen parent, but rather individual 
trees pollinating between 2-10% of sampled seeds. However, more than two thirds of the 
Q. ×schuettei progeny were backcrosses to either Q. bicolor or Q. macrocarpa.  We have 
assumed that this distribution of pollinators was similar for the year 2016.

Upon conclusion of the four-week drought, most trees appeared dead. We saw very 
poor survival rates for the drought-treated seedlings, as indicated by the number of viable 
green leaves (Table 1). True survival could not be estimated until after an overwintering 
period. Control seedlings had a 100% survival rate. After all seedlings had overwintered, 
a degree of recovery was observed in the drought treatment, while some control seedlings 
died (Table 2). These survival rates are the biologically relevant result of the drought test 
(if you cannot survive the winter, you are dead regardless of your drought tolerance). 

Progeny Seed Parent Drought Alive (%) Control Alive (%)
Q. ×warei (Q. robur × Q. bicolor) 25 100
Q. robur 13 100
Q. bicolor 2 100
Q. ×schuettei (Q. macrocarpa × Q. bicolor) 5 100
Q. macrocarpa 19 100
Q. bicolor 2 100

Progeny Seed Parent Drought Alive (%) Control Alive (%)
Q. ×warei (Q. robur × bicolor) 37 94
Q. robur 20 91
Q. bicolor 4 96
Q. × schuettei (Q. macrocarpa × bicolor) 20 98
Q. macrocarpa 28 93
Q. bicolor 7 96

Discussion

Our study demonstrates that some hybrid seedlings can have survival rates higher 
than parent-species seedlings in drought-stressed conditions. This result supports our 
hypothesis that cyclical abiotic stress events, such as drought, can favor survival of 
hybrid seedlings. This helps to explain why there is a consistent, but low-level, presence 
of hybrids in all mixed-species stands of oaks. This active mechanism also compounds 
with the effects of random pollination in a mixed stand (Lagache et al. 2013) and shading 
from mature trees (Valladares and Pearcy 2002). These findings are significant because 

Table 1/ Post-drought survival. Seedling survival rates immediately on conclusion of the drought.

Table 2/ Post-winter survival. Seedling survival rates after overwintering and emerging from 
dormancy.
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they emphasize the need to consider hybridization when modeling how forests will adapt 
to ecological stresses or a new climate scenario.

Our approach tested drought as a likely stress because of its cyclical nature, historical 
records, ease of testing in a greenhouse, and strong effects on seedlings. Other cyclical 
stresses (e.g., flooding) may have comparable effects. Our results showed that under a 
severe four-week drought the Q. ×warei hybrid seedlings showed higher survival rates 
than either of their parent species. These hybrid progeny of an allopatric cross exhibited 
a high phenotypic variance, likely corresponding to a similarly high genetic variance, 
resulting in much higher survival rates. The Q. ×schuettei hybrid seedlings showed 
survival rates closer to the drought-tolerant parent species Q. macrocarpa. These hybrid 
progeny exhibited lower phenotypic variance than the progeny of Q. ×warei, a result not 
unexpected in the progeny of sympatric parents. 

Conclusion

Our hybrid episodic advantage theory could be tested on the landscape if all trees 
within a transect of forest containing both Q. bicolor and Q. macrocarpa were dated to 
an approximate year of germination (using coring methods and cutting down trees too 
young to core) and genetically tested to determine hybrid ancestry. Our hypothesis would 
be supported if the ages of trees of recent hybrid ancestry correlated with landscape-level 
stress events such as severe droughts and floods. 

This study was a preliminary test of a hypothesis that abiotic stress events favor the 
survival of some hybrid seedlings on the landscape. Further investigation is needed to 
elucidate the role of hybridization and adaptive variation within the genus Quercus. 

Photographers. Title page: Warren Chatwin (Quercus ×schuettei). Photos 1-3: Warren Chatwin.
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ABSTRACT

In the past, the Sharon (Israel) was partially covered with Quercus ithaburensis (Mount 
Tabor oak) forest (Eig 1933). At three different times, most of this forest was cut down 
and much of it has practically disappeared. The common explanation is that this forest was 
destroyed during the Ottoman period. By the 1920s the region was left practically bare with 
no trees. Today, most of the region has no Q. ithaburensis except for in the Karkur Forest and 
rare relics of trees scattered in limited locations. Some of these remaining trees are threatened 
by urbanization and farming, while other forms of anthropic pressure coupled with low natural 
reproduction represent additional negative impacts. 
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Introduction

Quercus ithaburensis (Mount Tabor oak) is an impressive tree. Large specimens of 
this species can reach a diameter of 250 cm, have a crown span of 30 m and be as tall 
as 20 m. It is a section Cerris oak, and one of the three species of the vallonea-aegilops 
assemblage (the other two being Q. macrolepis and Q. brantii) (Avishai 2016). One of 
the features shared by these oaks is their high nutritional value, and all of them were 
domesticated in the past for both human and animal food.

The Sharon and its history

The word Sharon (or Sarón or Sharown) is a word of Hebrew origin that refers to a 
plain in Palestine. It may be traced back to the Akkadian As’Sarnu, meaning thick forest. 
Ziv (1960) tells us that in the Septuagint translation of the Tanakh (the Old Testament), 
into Greek, the word is translated as drymós (δρυμός) meaning a thick forest.

The Sharon is a region of low land, 50 km long and 15 km wide, located between the 
Yarkon River in the south, the Taninim River in the north, the Samaria mountain ranges 
in the east, and the Mediterranean coast in the west. It consists of flat land with very 
shallow kurkar1 ridges with sandy loam soil and, in the lower basins of the creeks that 
flow from Samaria to the sea, silt soil. 

1. Kurkar is the term used in modern Hebrew and Palestinian Arabic to designate the type of rock of which lithified sea 
sand dunes are composed.

International Oaks, No. 30, 2019

Photo 1/ A magnificent Quercus ithaburensis in Nordia with a canopy spread of 28 m and a girth of 322 
cm.
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Today, the only remnants of an oak forest are in the northern part of the Sharon, 
between Pardes Hanna-Karkur and Binyamina-Giv’at Ada. It is very hard to imagine this 
area as a forest. 

Weitz (1970) tells us that Zionist emigrants at the end of the 19th century arrived in a 
naked land. The monumental, A historical-phytosociological essay on Palestinian forests 
of Quercus aegilops L. ssp. ithaburensis (Desc.) in past and present, is the first scientific 
document describing the forest and its history, citing numerous sources of evidence for 
the existence of this forest in times past (Eig 1933).

Some of the historic sources that mention the Sharon and its forest include documents 
dating from 1400 BCE attributed to Amenhotep II, the seventh King of the Egyptian 
Dynasty XVIII. There are also documents from the 1st century CE attributed to Titus 
Flavius Josephus (a Romano-Jewish scholar and historian). In 1187 CE the forest is 
mentioned in the context of the Third Crusade, during which Richard I of England 
defeated the Ayyubid army led by Saladin, and again later, in 1799, during Napoleon’s 
more unsuccessful battles in that part of the world. 

The forest was first seriously damaged between 1831 and 1840 (Phase 1) when Ibrahim 
Pasha of Egypt cut large southern sections of the forest in order to supply timber for fuel 
and ship construction to his father, Muhammad Ali, Viceroy of Egypt (Karschon 1982). 

Between 1902 and 1919 (Phase 2), during the final years of the Ottoman rule of 
Palestine, trees were felled to make the railroad ties for the Hijaz railway and to fuel its 
steam engines. 

Finally, the period between the late 1800s and the establishment of the state of Israel 
in 1948 (Phase 3), saw a large part of the forest transformed into farming areas, mainly 
citrus groves, or cleared for the construction of villages, towns, and cities.

Locating the Sharon forest

The most important source of 
information regarding the history of 
the Sharon forest from the end of the 
19th century and through the 20th is 
the Palestine Exploration Fund map, 
created in 1880 (PEF map), which 
specifically designates  areas as 
“oak forest” and “traces of ancient 
forest” (Conder and Kitchener 
1881-83). Boneh and Harel (2015) 
also provide historical evidence of 
areas that used to be forested. 

1. Mulebbis (today Petah Tikva), 
is a village on the south bank of 
the Yarkon River. The PEF 1880 
map shows evidence of “traces of 
ancient forest” there, as indicated 
by the presence of tree stumps. Perhaps these represent what remains of the Phase 1 
destruction. All forest at this location has disappeared and not a single tree remains. The 
last Q. ithaburensis in this area was uprooted during road construction in the 1970s.

Reforestation of the Sharon with Quercus ithaburensis
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Figure 1/ Areas where part of the ancient Quercus 
ithaburensis forest remains today. The darker the green, the 
more numerous the trees.
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2. Miskeh. In the records that we have of Napoleon’s campaign, part of the forest 
between Jaffa and Acre is referred to as Miskeh. Today the only remnants of this can 
be found at Ramat HaKovesh near Kfar Saba. There are roughly two to three dozen Q. 
ithaburensis left in the regions of Kfar Saba, and the adjacent regions of Kfar Mallal, 
Ra’anana, and Sde Warburg. The largest Q. ithaburensis in Israel is in this area, in the 
town of Tira on the Tsadek estate.

3. Arsuf is a part of the forest mentioned during the war between Richard I and Saladin, 
in 1187. It is located north of Herzlia. There is only one Q. ithaburensis left in this area, 
in the Nahal Poleg Nature Reserve. 

4. Arab en Nefeiat and Arab el Hawarith. This area of the forest, with loam sand and 
karkur ridges, has a few dozen Q. ithaburensis, including impressive specimens in the 
towns of Kadima and Kfar Yona.

5. Birket Ata. Sand dunes covering karkur ridges with two dozen magnificent Q. 
ithaburensis trees.

6. Karkur (sometimes spelt Kerkur) is the old name of Pardes Hanna-Karkur. It 
stretches north to Binyamina-Giv’at Ada, south to Hadera, east to Wadi Ara and west 
to the Mediterranean Sea. It has the the largest and greatest number of Q. ithaburensis 

Photo 2/ The largest Quercus ithaburensis in Tira.
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in both urban and natural settings. It provides a good representation of what the historic 
forest probably looked like.

Of these six locations only the last one, Karkur, remains largely forested. The other 
five locations have only traces of individual trees, and, although some are remarkable 
in size and shape, they help us but little to imagine the forest that once prospered there. 

Historical names

Though most of the forest has disappeared, the PEF map provides us with place names 
which indicate an association to Q. ithaburensis: Sheikh Baloot (meaning, the acorn 
master), Ras el Mallul (the hilltop of the oaks), and Tel Mallul  (the oak mound) – these 
latter two referring specifically to Q. ithaburensis. Today, these places have hardly any 
sign of an oak tree.

The Sharon plain was scarcely populated during the Ottoman period. Samaria village 
inhabitants used the area for grazing, timber, and, in various locations, for farming. In 
these locations, the farmers built temporary quarters named h’iraba (ruin) or ghaba 
(forest) and named them after the villages they came from in the mountains. We find 
names of numerous ghaba locations such as Kafr’Abbūsh, Jayyūs, Kafr Zibād, Kafr 
Jammāl, Kafr Ṣūr, ‘Azzūn, Bayt Līd, Shūfa, Fardīsya (today, Kadima), Shuwayka, 
Ṭulkarm, Qalansuwa, Miska, Kafr Sābā, Ṭīrat Banī Ṣa’b and Ṭaybat Banī Ṣa’b (Marom 
2018). Of these, Fardīsya is the only area with a few remaining Q. ithaburensis indicating 
the past existence of a ghaba.

Reforestation and preservation

Under Ottoman rule, the forest was felled to such an extent that in most cases it 
disappeared. After WWI, the British, who controlled the region by mandate, began the 
reforestation that was to be continued later by the Zionist movement, and afterwards, on 
a larger scale, by the Israeli government. By the year 2000, 230,000 acres of land, 9.2% 
of the non-arid area of the country, was planted and covered by forest trees, mainly pines 
(Tal 2013). At the same time, preservation and protection of designated nature reserves 
made it possible to recover 95,000 acres of natural thicket/maquis of oak trees (4% of 
the non-arid area). However, since most of the Sharon has been either populated or 
transformed into agriculture and farming land since 1948, only a marginal section of this 
area has been influenced by the remarkable reforestation projects that occurred during 
those years. The Sharon region now includes protected areas where oaks can regenerate, 
grow, reproduce, and expand. Most notable of those areas is Pardes Hana-Karkur (Karkur 
Forest) and Binyamina- Giv’at Ada. There are thousands of oak trees here with a few 
hundred that have reached large, impressive size. Birds and mammals distribute acorns 
every year and this section of the forest is growing and expanding. Other protected areas 
include HaSharon Park, Kadima Nature Park, Poleg Nature Reserve, and others. These 
areas are surrounded by towns, villages, and farming land and do not represent significant 
areas for expansion of the oak forest in future.

Oak trees, in particular Q. ithaburensis, have been planted in both private and public 
areas in the Sharon. The distribution of acorns by birds and mammals throughout the area 
has had a strong impact on forest expansion. One can find thousands of oak seedlings 
sprouting in gardens, on roadsides, and under the shade of various irrigated fruit groves 
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Photo 3/ Quercus ithaburensis
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that provide a good environment for the young seedlings. Of the many locations, both 
public and private, that have been planted during the last 100 years, the most impressive 
oak trees are in public parks and kibbutz gardens.

Three examples from the Israel Oak Registry

1. A Q. ithaburensis private park in Binyamina-Giv’at Ada created by Hovav Israel in 
2003 on five acres of land. Initially the area was scraped and thoroughly cleaned. Today, 
there are about 100 oak trees growing in this park, 30 of which have diameters of between 
30 and 35 cm, with canopy spreads of 10 meters. But not one of these trees was sown by 
Hovav: over the years, 5 large Q. ithaburensis at the edges of the land have done the job. 
The trees are not irrigated.

2. A 12-acre citrus property that was deserted 25 years ago has been transformed thanks 
to birds transporting acorns from the Q. ithaburensis that border the property. Today there 
are approximately 150 oaks growing here, and no human intervention to account for it.

3. Ofer Bindel and Avner Goren decided to reforest 1,500 acres of a natural reserve in 
HaSharon Park near Hadera. They started sowing and planting Q. ithaburensis in 2008 
with volunteers. Today, over 770 trees are planted, irrigated, and protected with fences 
from grazing. The project is still expanding and is expected to cover the entire reserve. 

Conclusion

By the year 2000, the reforestation programs begun after WWI by the British, and 
later continued by the Israeli government, had resulted in 9.2% of the non-arid area 
of the entire country being planted (mostly with pine trees) and 4% being protected. 
Nevertheless, since most of the Sharon has been either populated or transformed into 
agriculture and farming land since 1948, only a marginal section of this area has been 
influenced by these measures.

In all locations where trees survived, the oaks regenerated, grew, and gained power and 
size, expanding their territory. In the confrontation between the two competing forces of 
development and tree expansion, and in some places the forest is winning.

Photographers. Title page: Ezra Barnea (Quercus ithaburensis). Photos 1-4: Ezra Barnea.
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For more information see, Israel Oak Registry. GIS map. www.internationaloaksociety.org/
content/israel-oak-registry
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Photo 4/ A rescued Quercus ithaburensis in Pardess Hanna-Karkur.
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ABSTRACT

Multiple oak species in California have evolved to withstand fire disturbance through 
association with a Mediterranean climate and Native American peoples. Future climate 
models forecast increased fire frequency in the North Coast region of California (Krawchuk 
and Morritz 2012). Combined with fire suppression and increasing fuel loads and fire severity, 
the resiliency of coastal oak forests to future wildfires is not well understood. In October 
2017, the Tubbs Fire burned through Pepperwood Preserve. Prior to this disturbance, multiple 
sites were undergoing treatment for Pseudotsuga menziesii var. menziesii (Douglas-fir) 
encroachment including seven hectares of Quercus kelloggii (black oak), Q. agrifolia var. 
agrifolia (coast live oak), and mixed oak forest. These areas had been thinned from below 
and prescribed burns were planned. In management areas, modified plots of Brown’s (1974) 
transects were used to sample approximately 10% of the management area for pre- and post-
fire effects on the herbaceous understory community, tree canopy cover, seedling recruitment, 
and fuels. After the 2017 Tubbs Fire, about 66% of all trees (n=100) exhibited full canopy 
leaf scorch and another 13% (n=20) had no leaves due to full canopy consumption. We also 
detected a statistically significant decrease in fuels and the number of tree seedlings. Given 
an 80% reduction in the litter/duff layer, future oak seedling recruitment may be enhanced 
by the direct contact of acorns with the soil. During 2018 surveys we documented mortality, 
regeneration, and recruitment in all fuel treatment plots. Through long-term monitoring of 
fuel treatment efforts and interactions with wildfire in this region, we will increase knowledge 
of factors impacting oak-forest resiliency.
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Introduction

Oak woodlands are one of the most diverse ecosystems in California (Allen-Diaz et 
al. 2007), yet only two thirds of California’s original oak forests remain, with a meager 
4% under protection (Thomas 1996). Tree loss is due to pressures such as urbanization, 
conversion to agriculture and vineyard development (Larson 1999), diseases including 
Sudden Oak Death (Phytophthora ramorum) (Rizzo et al. 2002), and climate change 
(Ackerly et al. 2015). Although certain oak species may increase relative to coniferous 
trees under hotter, drier climates (McIntyre et al. 2014), much is not known about how 
projected increases of climate-related wildfire frequency (Krawchuk and Morritz 2012; 
Mann et al. 2016) may impact coastal California oak communities.

California oak communities have been shaped by Native American burning practices 
for millennia. However, recent fire suppression practices have resulted in widespread 
fuels buildup and incursion by Pseudotsuga menziesii var. menziesii (Douglas-fir) within 
northern coastal California (Barnhart et al. 1996). Under a fire suppression regime, P. 
menziesii rapidly overtops oak communities, shading out and killing plants underneath, 
contributing to a loss of biodiversity as well as increased fuel loads. Land practitioners 
often manage for P. menziesii incursion using chemical and mechanical control methods 
as well as prescribed fire – both broadcast and pile – to support oak forest health (Gillogly 
et al. 2017). Here, we present preliminary monitoring results from a P. menziesii var. 
menziesii fuels management area at Pepperwood Preserve (Sonoma County, California). 
The study site was thinned from below in preparation for prescribed burning, but was 
instead burned in the Tubbs wildfire.

Study site

Pepperwood is a 1,294-hectare nature preserve located in the inner coastal 
Mayacamas Mountain Range in eastern Sonoma County. Approximately 43% of the 
preserve is composed of oak woodland and forest habitat, much of which is undergoing 
encroachment by P. menziesii var. menziesii due to historic fire suppression. The study 
site consists of 7 hectares composed of Quercus agrifolia var. agrifolia (coast live oak ), 
Q. kelloggii (California black oak), Arbutus menziesii (Pacific madrone), and P. menziesii 
var. menziesii, with Umbellularia californica (California bay) and Notholithocarpus 
densiflorus var. densiflorus (tanoak) as subcanopy tree species (Table 1).

The study site had been undergoing extensive mechanical and chemical treatment for 
P. menziesii var. menziesii encroachment since 2006, using forest management practices 
described by Gillogly et al. (2017) and including lop and scatter, injecting standing 
trees with herbicide, girdling larger trees to maintain snag habitat, thinning ladder fuels 
to prevent crown fire, and pile burning. Prior to the Tubbs Fire, material immediately 
surrounding the base of larger trees had been removed to prevent cambium burn from 
smoldering debris in the planned prescribed fire.

In the late hours of October 8, 2017, the Tubbs Fire ignited approximately 7.5 km east 
of Pepperwood. Based on personal observation (M. Gillogly) as well as data captured by 
temperature sensors and motion-detecting wildlife cameras, the fire most likely burned 
the study area within 14 hours of initial ignition.

International Oaks, No. 30, 2019
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Mean 
DBH (cm)

Mean Stump-Sprout 
Count

Top-Killed 
Count

Total Seedling 
Count

Species Pre-fire 
(2016)

Pre-fire 
(2016)

Post-fire 
(2018)

Post-fire 
(2018)

Pre-fire 
(2017)

Post-fire 
(2018)

Acer macrophyllum n/a n/a n/a n/a 7 39

Arbutus menziesii 50.3 (5.7) 0.1 (0.1) 8 (53%) 55.1 (14.4) 64 22

Arctostaphylos sp. n/a n/a n/a n/a 0 57

Notholithocarpus densiflorus 
var. densiflorus

34.3 (13.9) 6.8 (4.6) 7 (78%) 75.4 (8.8) 78 19

Pseudotsuga menziesii var. 
menziesii

41.4 (4.2) 0 28 (62%) 0 347 46

Quercus agrifolia var. agrifolia 46.6 (3.3) 0.4 (0.2) 21 (36%) 13.6 (3.1) 352 10

Quercus kelloggii 48.2 (5.5) 0.6 (0.3) 6 (32%) 29.2 (7.1) 37 10

Umbellularia californica 8.8 (4.1) 2.4 (1.5) 8 (100%) 43.7 (12.1) 255 35

Sampling methods

In April 2016 we randomly established nine modified plots of Brown’s (1974) transects; 
specifically, 15-meter-radius circular plots covering about 10% of the treatment area. 
At each plot we established three transects radiating from a permanent center post at 
120 degrees from each other: one herbaceous monitoring transect, and two surface and 
ground fuel monitoring transects.

Monitoring took place after mechanical treatment for two years prior to the Tubbs Fire 
(2016, 2017) and then immediately post-fire (November 2017) and one year after (August 
2018). All trees were tagged and measured for diameter at breast height (DBH) within the 
15-meter-radius plot. Within an 8-meter subplot we documented all tree seedlings (DBH 
<2.5cm) including their respective height (all species) and basal diameter (oak species 
only).  

Oak Woodland Regeneration and the 2017 Tubbs Fire
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Table 1/ Mean (SE) diameter at breast height (DBH in cm); mean (SE) stump-sprout count; the number 
(proportion) of trees with 100% canopy kill; and total seedling count by species before and after the 
Tubbs Fire in October 2017.

a b
Photos 1/(a) Pre-fire, 3 April 2017: Plot RxF03 illustrating the dense buildup of surface and ground-
fuels; (b) Post-fire, November 2017: same sampling plot (RxF03) showing how the majority of surface 
and ground fuels was consumed by the Tubbs Fire. Leaf litter in this image was deposited after the Tubbs 
Fire.
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Overall tree health was assessed before and after the fire including wounding, evidence 
of fire scars, stump sprouting, percentage live canopy cover (where it occurred), percentage 
dead canopy, and height to live crown. Primary fire effects documented include burn 
severity at the plot level, individual tree mortality, percentage canopy leaf scorch, and 
bole char height. 

Ocular estimates of herbaceous cover and species composition were conducted in 
April 2016-2018 within 1-meter-square quadrats with the leading edge at 2, 5, 8, 11, and 
14 meters. Surface and ground fuel data were collected in October 2016 and immediately 
post fire using the protocol described by Brown (1974).

Data analysis

We conducted analyses of covariance using R (R Core Team 2017) to test the effect of 
fire on (1) live canopy cover by species, (2) stump sprout count by species, and (3) fuel 
reduction by fuel class. We weighted the percentage live canopy cover by the proportion 
of the tree that was alive to account for dense resprouting along the trunks and branches 
following the fire.

Results

We monitored a total of 155 trees with mean DBH ranging from 8.8 cm in U. californica 
to 50.3 cm in A. menziesii (Table 1). The majority of trees in the monitoring plots were 
Q. agrifolia (n=59) and P. menziesii var. menziesii (n=45). P. menziesii var. menziesii 
exhibited the most mortality with 5 dead trees prior to the fire and an additional 23 dead 
trees following the fire (Figs. 1 and 2). With the exception of P. menziesii var. menziesii, 
which does not stump sprout, all tree species exhibited a significant increase in stump 
sprouting following the fire (F=18.4, p<0.0001), especially U. californica, A. menziesii, 
and N. densiflorus var. densiflorus (Table 1).

Immediately following the Tubbs Fire, approximately 66% of all trees (n=100) had 
complete canopy leaf scorch and another 13% (n=20) had full leaf consumption indicating 
intermittent tree torching. During mortality surveys one year post fire, 78 trees exhibited 

Figure 1/ Tree mortality by species prior to the 
Tubbs Fire of October 2017. From left to right: 
Umbellularia californica, Quercus kelloggii, Q. 
agrifolia, Pseudotsuga menziesii, Arbutus menziesii, 
and Notholithocarpus densiflorus.

Figure 2/ Tree mortality by species after the 
Tubbs Fire of October 2017. From left to right: 
Umbellularia californica, Quercus kelloggii, Q. 
agrifolia, Pseudotsuga menziesii, Arbutus menziesii, 
and Notholithocarpus densiflorus.
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top-kill, including all U. californica trees, 78% of N. densiflorus var. densiflorus, and 
62% of P. menziesii var. menziesii (Table 1). One year after the fire, all tree species had 
significantly reduced cover (F=11.4, p<0.0001; Fig. 3).

Prior to the Tubbs Fire, tree seedlings in the understory mostly consisted of Q. agrifolia 
var. agrifolia, P. menziesii var. menziesii, and U. californica (n=352, 347, and 255, 
respectively; Table 1). There was a 79% reduction in seedlings after the fire, especially 
for Q. agrifolia var. agrifolia (352 to 10 individuals) and P. menziesii var. menziesii (347 
to 46 individuals) (Table 1). Two species had an increase in seedlings post fire including 
Acer macrophyllum (big leaf maple) (from 7 to 39 individuals) and Arctostaphylos sp. 
(manzanita) which was not observed prior to the fire (Table 1).

Herbaceous species and litter cover was fairly consistent the two years prior to the 
Tubbs Fire (Figure 4). Post-fire estimates documented a significant increase in bare 
ground (from 1.3% to 42.6%; F=20.13, p<0.0001) and an increase, but not significant, in 
mean native and exotic forb cover (4.5 to 8.9% and 2.0 to 5.5%, respectively) (Fig. 4). 
Twenty-three new species were detected within our sampling plots following the Tubbs 
Fire, including many native nitrogen-fixing clovers.

Surface and ground fuel loads prior to the fire but after mechanical and chemical 
treatment were approximately 14.25 tons per acre. All fuel classes significantly reduced 
following the fire (F=84.8, p<0.0001), with the exception of larger logs with a diameter 
≥3 inches (Table 2).

Timing Total 
Surface

Total 
Ground

1-hour 10-hour 100-hour 1000-hour Litter Duff

Pre-fire October 2016 11.74 2.51 0.58 
(0.07)

4.09 
(0.44)

3.38 
(0.83)

1.20 (0.37) 2.50 
(0.42)

2.51 
(0.32)

Post-fire November 2017 2.11 0.52 0.13 
(0.03)

0.30 
(0.11)

0.27 
(0.19)

1.04 (0.45) 0.37 
(0.18)

0.52 
(0.09)

Figure 3/ Mean (± 1SE) percentage live canopy 
cover weighted by proportion of the tree still alive 
before (2016) and after (2018) the Tubbs Fire of 
October 2017. From left to right: Umbellularia 
californica, Quercus kelloggii, Q. agrifolia, 
Pseudotsuga menziesii, Arbutus menziesii, and 
Notholithocarpus densiflorus.

Figure 4/ Mean percentage cover of vegetation 
functional groups by year.

Table 2/ Total and mean surface and ground (duff) fuel load (tons per acre) by fuel type. Values in 
parentheses represent SE. 1-hour =<0.25 inch diameter, 10-hour = 0.25-1 inch diameter, 100-hour = 1-3 
inch diameter, 1,000-hour ≥ 3 inch diameter.
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Discussion

The Tubbs Fire had a desired effect of killing encroaching P. menziesii var. menziesii 
trees and seedlings within the study area. However, the fire intensity and severity were 
greater than preferred and than what was prescribed. This was evident in the high number 
of trees with full leaf scorch and canopy consumption, and the mortality of hardwood 
trees and seedlings one year after the fire (Table 1, Figure 2). The burn severity within our 
sampling area was likely influenced by the surface and ground fuel load, most of which 
was consumed during the Tubbs Fire (Table 2). The maintenance of large downed logs 
post fire was primarily due to trees that fell after the fire. These logs contribute to the 
structural diversity of the forest floor, providing important coarse woody debris as habitat 
for many native plants, animals, and fungi (CIWTG 2014).

By clearing away the surface fuels, opening the canopy, and releasing nutrients into 
the soil, the fire-enhanced understory species diversity and forb cover relative to previous 
years (Fig. 4). Although there was a significant drop in tree seedling counts, the number 
of A. macrophyllum seedlings increased and Arctostaphylos sp. was observed where it 
was absent from all plots in previous years, contributing to species diversity (Table 1). 
We will continue to monitor changes in community composition over time.

Even though all hardwood tree species had basal sprouts after the fire, we observed 
that the majority of sprouting oak trees experienced intense levels of herbivory on the 
basal shoots and there was a powdery mildew fungal pathogen on almost all of the new 
growth. We will score individual trees for these impacts to monitor effects on tree health 
under future climatic and environmental stressors.

To grow the knowledge base surrounding coastal oak-forest resiliency to fire, we will 
continue monitoring the growth and regeneration of this area 2, 5 and 10 years following 
the Tubbs Fire. One outcome of this monitoring project is an adjustment to how we manage 
surface fuels after clearing areas for P. menziesii var. menziesii encroachment – we anticipate 
conducting more prescribed and pile burns while exploring alternative best practices that 
maintain some woody debris as important structural habitat. Overall, we will continue to 
apply prescribed fire as an oak woodland management tool and to achieve the objectives 
of (1) restoring natural processes by returning a historical fire regime to Pepperwood’s 
forests, (2) promoting oak woodland and forest health, (3) stimulating native plant growth, 
(4) consuming and managing existing fuel loads to mitigate impacts of and manage for 
catastrophic wildfires, and (5) controlling P. menziesii var. menziesii regeneration.

Photographers. Title page: Michelle Halbur (post-fire Quercus agrifolia). Photos 1, 2: Michelle Halbur.
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Photo 2/ Post-fire Quercus kelloggii with extensive stump-sprout herbivory and a powdery mildew 
pathogen affecting the new shoots.
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ABSTRACT

Forest tree decline has been reported worldwide and in Israel, and is related to regional 
and global climate change. In Israel, oak (Quercus spp.) decline has been documented in the 
Jerusalem Mts. in Galilee and in the Carmel. 

Our research goal is to characterize the health status of oak populations in the Golan 
Heights under regional stress factors. This was achieved using three plots through stand 
structure survey and monitoring the water regime of oaks in various stages of decline. In total, 
962 oaks were sampled to examine rates of decline during 2016-2017. Negligible measures 
of decline and a lack of tree mortality were observed in the northern Golan. Total canopy 
loss of almost 20% and high measures of Quercus ithaburensis (Tabor oak) mortality were 
recorded in the central and southern Golan populations. Midday stem water potential values 
were significantly lower in symptomatic trees, though only in the Q. ithaburensis woodlands. 
At the plot scale, the lack of a significant difference in the mean stem water potential between 
healthy and symptomatic trees indicates a large hydraulic plasticity. 
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Introduction

Tree mortality is a natural part of the forest lifecycle. However, the actual cause of 
death is only rarely known (Thomas et al. 2002). A recognized catalyst is damage to  
trees’ physiological systems, a by-product of summer aridness (McDowell et al. 2013). 
The latter is attributed to limited water availability, manifested in precipitation decrease 
or an increase in atmospheric evaporative demand (Allen et al. 2010). The phenomenon 
of tree decline is commonly related to complex interactions between biotic and abiotic 
factors serving as stressors (Thomas 2008; Anderegg et al. 2013). Oak-tree mortality 
(Quercus spp.) in Israel is attributed to the dryness of the summer season, as reported in 
2001 and 2011 concerning Quercus calliprinos1 (Kermes oak) (Sever and Neeman 2008; 
Navon et al. 2015) and in 2003 concerning Q. ithaburensis (Tabor oak) (Herr 2009). 

The objective of this study was to characterize the health status of the oak populations 
of the Golan Heights, and particularly to gauge the influence of stress factors utilizing 
regional criteria. The specific objectives were: 1) to categorize the extent of the decline 
of oak populations using detailed field surveys, and 2) to measure the year-round stem 
water potential trends in healthy and declining trees. 

Methods

Research area
The study was carried out on the 

Golan Heights basaltic plateau, east 
of the Jordan River and the Sea of 
Galilee. A steep elevation gradient 
(0-1,200 m.a.s.l.) is coupled with a 
Mediterranean climate gradient (400-
900 mm of rain). Three separate oak 
populations are established in the 
research area (Fig. 1). The northern 
population is a grove of Q. calliprinos 
and accompanying Q. boissieri2 
(Cyprus oak) spreading over 1,600 
ha at 700 m.a.s.l. Woodlands of Q. 
ithaburensis with shrub-steppes 
characterize the central population 
that spreads over 2,100 ha at 0-500 
m.a.s.l. and the southern population 
spreading over 370 ha at elevations 
of 0-200 m.a.s.l. (Fig 2).

1. Currently there is disagreement between different authorities concerning taxonomic status, and more work is needed. 
Both Q. calliprinos and Q. coccifera subsp. calliprinos are used. 
2. Currently there is disagreement between different authorities concerning taxonomic status, and more work is needed. 
Both Quercus boissieri and Q. infectoria subsp. veneris are used.

International Oaks, No. 30, 2019

Figure 1/ The research area and the three oak populations. 
A) northern Golan Heights; B) central Golan Heights; C) 
southern Golan Heights.
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Figure 2/ Photos of the study sites and the experimental plots: (a) a typical view of Quercus 
ithaburensis woodland at the central population in summer; (b) felled Q. ithaburensis at the southern 
plot; (c) two Q. ithaburensis trees at the central population (healthy tree on the left, dead tree on the 
right); (d) Q. boissieri and its young foliage at the beginning of the growth season in spring at the 
northern plot; (e) evergreen Q. calliprinos in winter at the northern plot; (f) mixed oak forest at the 
northern plot at the end of summer taken from Mt. Bental (1,171 m.a.s.l) to the east. 

a

b c

d e f
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Research design
In each population, a research plot was established on rocky slopes with shallow soils 

(40-50 cm deep). Four subplots (blocks) measuring 0.1 ha each and varying in the number 
of trees and the degree of tree decline were non-randomly set in each plot. The plots were 
established in March 2016 (detailed plot specifications are provided in Table 1).

Soil Bedrock Area 
(ha)

Altitude 
(m.a.s.l.)

Perennial 
precipitation 
average (mm)

Population

Regosol Pleistocene 
basalt

4.18 967 823 North Golan

Montmorillonite 
Grumusol

Pleistocene 
basalt

4.13 40 447 Central Golan

Brown Rendzina Eocene chalk 4.17 320 437 South Golan

Sampling
A stand-structure survey included measuring the tree diameter at breast height (DBH 

in cm), tree height (H in m), estimated crown projection (m2), and volume of the crown 
(m3). We used two indices for the description of tree decline: (a) an estimation of leaf 
density (%) at a resolution of 5% between 0-100%, where 100% means a full leaf-
covered crown, and the calculation of missing crown volume (m3); and (b) tree vitality 
ranked into three primary types: 1) a healthy tree where missing foliage does not exceed 
10%, 2) a symptomatic tree showing signs of decline where missing foliage exceeds 
10%, and 3) a dead tree.

Water status of the tree
Seasonal variations of tree-water status were estimated by measuring stem water 

potential at midday (Ψ smd, MPa). The bagging of the leaves prevents transpiration and 
their water potential reaches equilibrium with water potential in the stems. Stem water 
potential values are highly correlated with transpiration (Chone et al. 2001) and are 
particularly accurate for revealing small water deficits. Measurements were carried out 
once a month from March 2017 to November 2017 in n = 12 trees per plot (n = 36 overall) 
using a Scholander pressure chamber (Pump-Up Pressure Chamber, PMS Instruments, 
Albany, OR, U.S.A.), with a measuring range limited to -2.1 MPa. Beginning in May 
2018 the overall sample size was expanded to 65 trees, divided unequally between plots 
depending on plot inventory. Accordingly, n = 20 trees were monitored in the northern 
plot, n = 17 in the central plot, and n = 28 in the southern plot, using a PMS 1000 Pressure 
Chamber (PMS Instruments). At each sampling time, 8 to 15 leaves on the northern 
side of each tree were bagged with aluminum foil approximately two hours before 
measurements, in order to prevent transpiration and to ensure hydrostatic equilibrium 
with water potential in the stems. Leaf density in the sampled trees resembled the leaf 
density at the plot scale (0.173 < p <0.823).

Results

Meteorological data
The 2015/2016 season was the third in succession to register below-average 

precipitation, reaching only about 68% of the perennial average (Israel Hydrological 

Table 1/ Properties of the research plots. The perennial precipitation averages for the years 2000-2016 
were established using data from near-by meteorological stations.
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Service 2016). The 2016/2017 season was even drier in most of the plots, registering 
between 62-84% of the perennial average.

Sampling
In total, n = 962 oaks were sampled: 664 Q. ithaburensis, 241 Q. calliprinos, and 57 Q. 

boissieri. Largest mean diameters 
were measured in the Q. ithaburensis 
woodlands, in the central and 
southern plots, while mean height 
and crown volume were the largest 
in the northern population. A 
statistically significant difference 
was found between the central and 
southern plots when comparing the 
leaf density of all trees, healthy and 
symptomatic combined (F = 5.33, p 
= 0.02148) (Fig. 3a). Based on mean 
leaf density, the highest measure of 
tree decline was observed at the 
central plot (82.0%); while based 
on missing crown volume (Fig. 3c), 
the highest measure of tree decline 
was at the southern plot (17.9%). 
The percentage of healthy trees out 
of the total number of trees (Fig. 3b) 
was lowest at the central plot (60.0%). The percentage of symptomatic trees was almost 
identical at the Q. ithaburensis plots (32.1% and 31.1%) and 10 times higher than at the 
northern plot (p < 0.001), which is statistically significant. Among the symptomatic trees, 
proportionally, the greatest decline was found in the central plot. In the northern plot, the 
mean leaf-density in Q. calliprinos and Q. boissieri was greater than 90%, indicating that 
both species were healthy. Dead trees were sampled only in the Q. ithaburensis plots, and 
their ratio out of the total number of trees was higher in the central plot (7.2%). There 
was a statistically significant difference in leaf density between healthy and symptomatic 
trees in all the research plots (p < 0.001).

Stem water potential
Datasets of stem water potential were different throughout the research area (p < 

0.001). Mean stem water potential of the northern plot was significantly higher than that 
of the Q. ithaburensis plots. These trends hold true for both the healthy and symptomatic 
trees. During the study, mean Ψ smd values in the northern plot largely ranged between 
-0.50 and -2.50 MPa (Fig. 4a), reaching a minimum value, -3.38 MPa, in a healthy Q. 
calliprinos in October 2018 and -1.75 MPa in a symptomatic Q. calliprinos in September 
2018. 

Mean values in the central plot largely ranged between -0.60 and -3.70 MPa (Fig. 4b), 
reaching a minimum value, -4.55 MPa, in a healthy Q. ithaburensis in July 2018 and -4.50 
MPa in a symptomatic Q. ithaburensis in November 2017. Similarly, in the southern plot 
mean values largely ranged between -0.60 and -3.80 MPa (Fig. 4c), reaching a minimum 
value, -5.15 MPa, in a healthy Q. ithaburensis in November 2017 and -3.40 MPa in a 
symptomatic Q. ithaburensis in September 2018. 

Figure 3/ Health status indices as measured in the research 
plots: (3a) leaf density by species and plot; (3b) relative 
percentage of trees in the three vitality types out of 100% 
of all trees in each plot; (3c) missing crown volume by plot.

Leaf density (3a)



166 International Oaks, No. 30, 2019

Figure 4/ Mean values of 
Ψsmd (MPa), as measured in 
the selected oaks in the sub-
plots, from January 2017 
to October 2018. At the 
northern plot the sampling 
of Quercus boissieri began 
only in April after the first 
sprouting. Symptomatic 
trees included only Q. 
calliprinos. The southern 
population habitat is one 
of the driest of the Q. 
ithaburensis habitats in 
Israel. Thus, it lies at the 
very edge of the climatic 
distribution for this 
species based on level of 
precipitation. In line with 
the conclusions of Hacket-
Pain et al. (2016) that tree 
growth in extreme habitats 
are more sensitive to 
climatic variables, it can 
be concluded that the Q. 
ithaburensis population 
in the southern plot, an 
extreme habitat, is more 
sensitive to changes in 
precipitation.
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In comparing the aggregated values of all symptomatic trees (n = 61) versus those of 
the healthy trees (n = 555) in the northern plot, using a logistic regression, it was found 
that the values are similar (G = 1.57, p = 0.209). Contrastingly, a significant difference 
was found between values of all symptomatic trees (n = 324) and healthy trees (n = 584) 
in the Q. ithaburensis plots (G = 4.09, p = 0.043). With regards to data sets within the 
plots no significant difference was found between the symptomatic (n = 131) and the 
healthy trees (n = 251) in the central plot (G = 0.45, p = 0.503), however a significant 
difference was found in the southern plot between the symptomatic (n = 193) and the 
healthy trees (n = 333) (G = 9.01, p = 0.003).

Discussion

The oak population of the Golan Heights is divided into two distinct groups: a population 
with negligible rates of decline and an absence of tree mortality in the Q. calliprinos and 
Q. boissieri mixed-forest variety in the northern, wet, and higher-elevation plot, and a 
population with a significant loss of forest cover (20%) and a high mortality rate in the 
Q. ithaburensis woodlands, in the drier, and lower-elevation plots (central and southern). 
The mortality rate of 7.2% at the central population is close to the 10% threshold defining 
broad forest mortality (Anderegg et al. 2013). Adams et al. (2012) claim that the loss of 
forest cover of more than 20% changes the water balance in a readily recognizable way. 
Although the indices of tree decline as presented in Fig. 2 do not reach these rates, in 
terms of loss of forest cover, they come very close – a total leaf removal of 18.0% in the 
central plot and a 17.9% loss of crown volume in the southern plot.

Both healthy and symptomatic Q. ithaburensis maintain a site-specific response to 
limited water availability. The lack of a significant difference in the mean midday stem 
water potential between healthy and symptomatic trees in the central population indicates 
a large hydraulic plasticity. This similarity was also found by Sever and Neeman (2008), 
albeit their study looked at the pre-dawn potential.

Conclusion 

Tree decline is species- and site-dependent. Among three Quercus species in the Golan 
Heights, Q. calliprinos is non-affected and Q. ithaburensis is most affected. Between the 
two species of the mixed-forest at the northern plot, the deciduous Q. boissieri was found 
to have lower leaf density and a greater volume of missing crown foliage.
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ABSTRACT

Since 2014, hundreds of native trees (alders, oaks, sycamores, willows) in the Santa 
Monica Mountains have died, mostly due to the drought, but many are also victims of the 
Euwallacea sp. (invasive shot-hole borer)/Fusarium complex (ISHB) and a pathogen newly 
carried by Pseudopityophthorus pubinpennis (western oak bark beetle; WOBB). Concerned 
about the ecological implications of massive native-tree loss, the Resource Conservation 
District of the Santa Monica Mountains (RCDSMM) initiated a citizen-science-based study 
of drought impacts in 2015 using 41 randomly selected plots measuring 625 m2, tagging 
over 350 trees in critical park areas. The trees are located near the urban/wildland interface 
throughout the western Santa Monica Mountains National Recreation Area. This effort was 
augmented in 2017 by the deployment of 46 homemade beetle traps in sensitive riparian areas 
to monitor direction and rates of spread of invasive beetles, and to document tree responses. 
Concurrently, this data provided on-the-ground information used in a NASA DEVELOP 
Project using remote-sensing tools and satellite data to help understand the landscape-level 
impacts over time. Results show that extensive drought impacts occurred in 2015, followed 
by increased loss associated with invasive pathogens in 2016-2017. To date, infected tree 
removal is the only recommended way to reduce impacts from reproductive host trees. 
The RCDSMM is working with regional and local parkland managers and other concerned 
stakeholders to develop a more appropriate and realistic management strategy for urban/
wildland interface trees to meet the forecasted challenges of a changing climate.
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Keywords: Quercus agrifolia, coast live oak, drought, invasive shot-hole borer, western 
oak bark beetle
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Background

Beginning in 2012, most of Southern California has been classified as experiencing 
continual moderate to extreme drought (U.S. Drought Monitor 2018), resulting in the 
decline and loss of thousands of wildland and private land trees. Perhaps most impacted 
have been the oak and riparian woodlands within our public open spaces. While extensive 
monitoring of the drought and beetle impacts was conducted in the Sierra Nevada range, 
finding that over 129 million trees died (USDA 2017), the impacts to the less-structured 
woodlands characteristic of Southern California were not quantified. Concerned about the 
ecological implications of extensive native-tree loss, the Resource Conservation District 
of the Santa Monica Mountains (RCDSMM) initiated a citizen-science volunteer-based 
study of drought impacts starting in 2015, tagging and assessing the condition of over 350 
trees in 41 randomly selected plots of 625 m2 focused in critical wildland park areas near 
the urban/wildland interface throughout the western Santa Monica Mountains National 
Recreation Area (SMMNRA) (Fig. 1).

Using these randomly distributed ground plots to validate actual tree condition with 
remote sensing spectral signatures, partners from the NASA DEVELOP team assembled 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data and Shuttle Radar 
Topography Mission data to assess vegetation drought-condition changes from spring 
2013 to 2016. These remote sensing tools documented the extent of the problem and 
provided baseline conditions for different woodland and shrubland vegetation types in 

International Oaks, No. 30, 2019

Figure 1/ Study area map with trap and plot locations in the Santa Monica Mountains National 
Recreation Area, 2017. (Map prepared by Denise Kamradt, NPS.)
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relation to topography and other 
potential abiotic stressors (Dagit et 
al. 2017). 

In addition to the drought, these 
native trees have also been heavily 
infested by a variety of native 
Pseudopityopthorus pubipennis 
(western oak bark beetle; WOBB) 
and invasive non-native Euwallacea 
sp. (shot-hole borer) pests that are 
contributing to increased mortality 
due to the new strains of fungal 
pathogens they carry (Eskalen et al. 
2013; Swain et al. 2017). In order 
to more accurately assess the extent 
of the infestation, during summer 
2017 we deployed 46 homemade 
beetle traps in sensitive riparian 
areas and upland interface sites to 
monitor the direction and rate of 
spread of invasive beetles, and to 
document tree responses. Volunteers 
contributed over 2,000 hours to help collect data and samples, exponentially stretching 
the limited project funds provided by Los Angeles County Supervisor Sheila Kuehl, the 
Southern California Research Learning Center, and the Los Angeles County Fish and 
Game Commission.

We also convened a Technical Advisory Committee (TAC) representing local, state and 
federal landowners, CalFire, and various Los Angeles County departments (Agricultural 
Commission, Forestry, Public Works, and Regional Planning). The TAC focused the 
study on examining the extent and distribution of drought-related tree impacts, the 
relationship of stand density, age, physical and topographical factors, abundance and 
distribution of invasive pests, and developing a prioritized plan for protecting sensitive 
riparian resources. Additionally, estimating the ecosystem service values of native trees 
that have already been lost, or are at risk, was identified as a key way to engage the 
attention of a broader audience to help explain the implications of drought- and beetle-
associated tree loss. 

Results 

The 41 tree plots were randomly selected in sensitive riparian areas where tree loss 
would have severe implications for federally endangered aquatic species such as Rana 
draytonii (the California red-legged frog) and Oncorhynchus mykiss (Southern California 
steelhead trout). Data from our plots revealed that the majority of trees in the SMMNRA 
are mature or senescing individuals, with an average diameter at standard height of over 
18 inches, and were dominated by Quercus agrifolia (coast live oak) (n=299) and Platanus 
racemosa (California sycamore) (n=15), but also included Alnus rhombifolia (white 
alder), Malosma laurina (laurel sumac), Sambucus mexicana (Mexican elderberry), and 

Drought and Beetle Impacts to Native Trees in the Santa Monica Mountains

International Oaks, No. 30, 2019

Photo 1/ Homemade bottle traps designed by Dr. Richard 
Stouthamer (UC Riverside).
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Q. lobata (valley oak). Figure 2 illustrates the size distribution and suggests that current 
recruitment of younger trees is limited.

Tree condition was assessed, with 
the majority of all trees (n=353) in 
good (51-74% green leaves) to fair 
(25-50% green leaves) condition in 
2017. We determined that there was 
an average of 8.6 oaks per plot and 
roughly 6.5 plots/acre. This resulted 
in a conservative estimate of 55.6 
oaks per acre, totaling at least 
151,363 oaks in pure stands, with 
as many as 600,000 individual trees 

found in mixed-species stands throughout the SMMNRA. The density of oaks varies 
in each vegetation alliance, so we used the lowest average number based on our plots 
to under- rather than overestimate the potential number of oak trees in the 11,000-oak-
woodland acres throughout the SMMNRA. The NASA DEVELOP team also evaluated the 
extent of riparian vegetation, which primarily borders creek channels and is dominated in 
our plots by P. racemosa, A. rhombifolia, and Salix spp. A total of 13,772 acres of riparian 
vegetation were observed, with a lower density estimate of 35 individuals/acre, based on 
the plot data.

Further analysis indicated that trees with lesser canopy had more live understory 
vegetation, but there was no significant correlation in the tree plots between tree condition 
and other variables such as tree height or density of trees to plot-slope steepness. There 
was a slight but not significant relationship between tree condition and aspect, where the 
trees on south-facing slopes showed more decline than those on other aspects.

Drought impacts

The SMMNRA continues to be subject to multiyear drought that ranged in severity 
from “abnormally dry” in fall 2012, increasing to “exceptional drought” for 2015- January 
2017, and returning to abnormally dry/moderate drought conditions by fall 2018 (U.S. 
Drought Monitor 2018). Rainfall amounts were minimal during the study period but 
highest in 2017. Overall, the amount of dieback of native trees most positively correlated 
to precipitation.

The number of days over 35 °C and the concentration of the hottest days in the 
northeastern section of the SMMNRA is notable, although it did not significantly 
correlate with the percentage of oak woodlands remaining alive. One hypothesis is that 
while the trees and chaparral vegetation in the SMMNRA have evolved in the typical 
Mediterranean climate pattern of hot, dry summers and cool, wet winters, numbers of 
extreme heat days and the expansion of time when these days occur (from April through 
November) may be causing additional synergistic stress in combination with the drought, 
particularly for Q. agrifolia and Ceanothus spp.

The relationship between rainfall, number of days exceeding 35 °C, and the distribution 
of dead vegetation is shown in Figure 3. Note that the dead area on the west end of the 
study area is the footprint of the 2013 Springs Fire. Vegetation recovery in that area has 
been extremely limited. Although some of the eastern portions of the study area received 

Figure 2/ Distribution of trunk sizes for Quercus agrifolia 
(n=299) in the Santa Monica Mountains National Recre-
ation Area in 2017.
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more rain, they were also subject to more extreme heat, and although the dead vegetation 
is not as widespread, there were definitely significant losses. The interplay between these 
important stressors will be the focus of continuing efforts in 2019. 

In order to estimate the extent of live and dead vegetation, the NASA DEVELOP team 
utilized a variety of analytical tools to calculate the relative fraction of live cover. Technical 
details on this process are explained in Dagit et al. (2017). One of the big challenges of 
integrating the aerial imagery with field data was that the images were collected in June, 
while the field data was collected in fall, potentially skewing the correlations towards a very 
conservative estimate of dieback extent. By calculating the area of acres with live vegetation 
in 2013 and 2016, it was possible to document the extent of dieback. Of the 110,183 acres 
within the SMMNRA alive in 2013 (not including annual grasslands), only 77,840 live acres 
remained by 2016 (loss of approximately 30%). Living oak woodlands decreased by over 
200 acres from 2013 to 2016, suggesting that at least 9,000 oaks died during those years. 
The loss of over 3,000 acres of riparian woodlands during the same time reflects a more 
significant decline than anticipated, exceeding 100,000 P. racemosa, A. rhombifolia and Salix 
spp. Typical tree mortality ranges between 2 and 3 trees/acre annually (Tietje et al. 1993), 
so this level of mortality represents an enormous increase in dead trees in a short timeframe.

Additionally, there was an unusual extreme heat event 6-7 July 2018 throughout Southern 
California when temperatures topped out at 46 °C but never cooled below 35 °C during the 
night and returned to 44 °C the next day. As shown in Photo 2, most of the new growth on 
many trees was killed and few of these trees have produced acorns in 2018. 

Figure 3/ Summary of changes in annual precipitation, extreme temperature days (35 °C) and percentage 
of oak woodlands alive 2013-2017. (Courtesy of the NASA DEVELOP team.)
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Invasive beetle impacts

During the 27-week-long sampling period in 2017, a total of 46 traps were deployed. Over 
850 individual trap samples were collected, sorted, and identified. Potential target species 
(ISHB and WOBB) were found in 225 samples sent to UC Riverside for confirmation. 
Only 52 of these came back with confirmed ISHB, WOBB, or both. A total of 15 traps had 
multiple positive detections, representing 32% of all locations, which were all concentrated 
in the Calabasas, CA area. It appears that infested trees were chipped and the mulch spread 
on site, resulting in several “hot spots”.  Other positive identifications were observed in 
close proximity to green-waste processing facilities, suggesting that the spread of these 
beetles is associated with the treatment (or lack thereof) of removed trees.

Numerous other ambrosia beetle species were present but not identified beyond family. 
With assistance from CalFire entomologist Curtis Ewing, we found that the Alnus die-
off at one creek site was actually due to the native Alniphagus aspericollis (alder bark 
beetle), which has not previously been associated with such extensive mortality. No Agrilus 
auroguttatus (goldspotted oak borer; GSOB) was found in the SMMNRA at this time. 
A total of 156 (41%) of 353 trees had evidence of borers in 2017, compared to 29 trees 
(22%) of the 113 tagged in 2015. Presence of any borer hole observed on Q. agrifolia was 
significantly correlated to tree decline and mortality (p-value=0.0018, r2 =0.2082).

Ecosystem service value impacts

We used the online i-Tree ecosystemanalysis tool to calculate annual carbon storage, 
sequestration, avoided stormwater runoff, and replacement value (i-Tree Eco online 
calculator 2017). The amount of carbon storage and gross carbon sequestration by ton/
year, calculated with i-Tree, uses a price of $129.73/ton as the value in November 2017. 
Using the closest weather station in the system (Santa Monica) for 2015, precipitation 

Photo 2/ New growth on Quercus agrifolia after extreme heat event on July 6-7, 2018.
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was calculated at 7.5 inches, and the avoided runoff value/year was calculated based on 
a value of $0.067/ft3. The structural value of the trees is based on the local cost of having 
to replace a tree with a similar tree within a landscape setting. As this tool is primarily 
geared for evaluating conditions in urban forests, we recognize that the values generated 
are best viewed as providing an order-of-magnitude value for our urban/wildland interface 
situation. Wildland trees are not considered to have high landscape value, but since the 
tool does not differentiate, the structural values calculated are on the very high end. 

On average, each individual Q. agrifolia tree provided $299 worth of carbon sequestration 
and avoided stormwater runoff value, making the contribution of the estimated 600,000 
Q. agrifolia trees throughout the SMMNRA worth over $179.4 million per year. If the 
structural value calculations were included, individual tree value increases to $29,919/
year and the total value for the oak woodlands throughout the mountains exceeds $179 
billion. There are numerous reasons that structural values are not applicable in wildland 
areas; however, if we consider the structural value to be a proxy for additional ecosystem 
service values such as temperature moderation, pollution removal, aesthetics, real-estate, 
and habitat values, we are still potentially underestimating the overall ecosystem service 
values provided just by Q. agrifolia. 

The riparian woodlands experienced the highest tree loss between 2013-2016. Using 
a conservative estimate of $164/tree annual ecosystem service value, the loss observed 
totaled over $18.7 million per year.

Oak and riparian woodlands for the future

Although drought typically produces heterogeneous spatial and temporal impacts 
(Carnicer et al. 2011), this study found that the worst die-off occurred in more mesic 
areas supporting riparian corridors. This is of great concern, as these riparian corridors 
are critical habitat for endangered Oncoryhnchus mykiss (Southern California steelhead 
trout) and Rana draytonii (California red-legged frogs). Riparian trees provide shade that 
moderates creek water temperatures and prevents extensive algal blooms that deplete 
dissolved oxygen levels. The roots of oaks, willows, alders, and sycamores stabilize 
the creek banks, preventing erosion and bank failures. Leaf litter falls into the creek 
where it is transformed into detritus that supports a diverse community of benthic macro-
invertebrates, which are the basis of the food web. The cascading effects of tree loss are 
associated with trophic level collapse that can be severe and long lasting (Anderegg et 
al. 2012). 

This landscape-level analysis, combined with both invasive-beetle-trap data and 
details from small research plots, provides local jurisdictions, park agencies, and 
property owners direction on ways to map the spread of impacts, evaluate the potential 
ecosystem service impacts, and identify and prioritize potential management response 
strategies to make best use of limited resources. The TAC prioritized developing a map 
of areas to focus planting in an effort to ensure that there will still be native oak and 
riparian woodlands in 50 to 100 years. Based on several regionally based climate studies 
(Federico et al. 2012; Monahan and Fisichelli 2014), the Santa Monica Mountains are 
anticipated to experience a 2-9 °C increase in average temperatures in the next 100 years. 
This has profound implications for oak and other riparian tree survival, as photosynthesis 
may be negatively affected as temperatures increase (Hüve et al. 2011; Ma et al. 2017).

These woodlands support hundreds of associated species and their loss and continued 
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fragmentation could have potentially catastrophic effects on the entire Southern California 
ecosystem. By revisiting and updating the NASA maps to identify refugia where trees 
survive, and coupling that with climate modeling on projected temperature changes in 
the future, we hope to identify where we might plant in hopes of having trees survive 
to maturity. Additionally, this could direct acorn and seed collection from trees that are 
withstanding the impacts of the current drought. Working with local planners, this effort 
could provide more time for regional assisted migration that could buy time for these 
long-lived trees to adapt.
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Potential Role of Epigenetic Processes in 
Oak Populations
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ABSTRACT

Epigenetics is the study of heritable phenotypic variation that does not involve changes in 
DNA sequence. Many ecologists, evolutionary biologists, and horticulturists are interested 
in learning how epigenetic processes can shape phenotypic variation related to adaptation 
to the environment and/or can make plants more suitable for landscape purposes. In oaks, 
this question is particularly important because as long-lived trees, epigenetic processes may 
facilitate a faster response to climate change than genetic processes. In this article, we first 
present background on epigenetics emphasizing DNA methylation, a commonly studied 
epigenetic mechanism, and then summarize studies of oaks that provide evidence that (i) 
variation in DNA methylation is commonly observed in natural populations; (ii) environment 
can induce methylation changes; and (iii) patterns of methylation are associated with 
phenotypic variation. This evidence illustrates the potential role of epigenetics in the response 
of tree populations to climate. 

International Oaks, No. 30, 2019

Keywords: Quercus, DNA methylation, phenotypic plasticity, climate

1. Department of Ecology and Evolutionary Biology 
University of California 

Los Angeles, CA 90095, USA 
*corresponding author: vlsork@ucla.edu

2. Department of Molecular, Cell, and Developmental 
Biology 

University of California 
Los Angeles, CA 90095, USA 



178

Introduction

Epigenetics*1 is the study of heritable phenotypic variation that does not involve changes 
in DNA sequence. Ecologists have become interested in learning whether epigenetic 
processes can shape phenotypes, response of plants to stress, phenotypic plasticity, and 
adaptation to the environment (Verhoeven et al. 2016; Richards et al. 2017). Evolutionary 
biologists pay particular attention to whether epigenetic effects, beyond any underlying 
genetic basis, have stable transgenerational transmission that influence phenotypic traits, 
especially those that enhance plant fitness (Herman et al. 2014; Verhoeven et al. 2016; 
Richards et al. 2017). If epigenetic processes can create heritable phenotypic change more 
quickly than changes in DNA sequences, then they may be particularly relevant to long-
lived trees such as oaks as a mechanism to rapidly respond to environmental change when 
evolution through natural selection may not keep pace (Brautigam et al. 2013; Sork 2018). 

Epigenetic processes differ from genetic processes in several key ways. First, epigenetic 
variation may be induced by the environment while genetic variation is primarily caused 
by spontaneous, random mutations in DNA, usually independent of the environment. 
Second, while genetic variation transmits across generations, only some forms of 
epigenetic variation are transmittable and stable across generations. Many studies have 
illustrated the presence of epigenetically-associated phenotypic variation, but the extent 
to which such phenotypic variation impacts plant survival beyond the underlying genetic 
basis remains controversial (Verhoeven et al. 2016; Richards et al. 2017).

At the molecular level, epigenetic processes influence gene expression* (Cokus et 
al. 2008; Law and Jacobsen 2010; Schmitz and Ecker 2012), which is the process by 
which genes produce a phenotype. Ecologists and evolutionary biologists have mostly 
studied the epigenetic process of cytosine DNA methylation,* where a methyl group 
is attached to cytosine bases within the DNA sequence. DNA methylation may be one 
mechanism that causes phenotypic plasticity, i.e., the ability of one genotype to produce 
different phenotypes in different environments (Brautigam et al. 2013; Herman et al. 
2014). Findings from Arabidopsis thaliana and other plants have indicated that induced 
epigenetic changes are sometimes transmitted to offspring across several generations 
(Verhoeven et al. 2016), indicating these epigenetic variants can be subject to natural 
selection. Importantly, where in the DNA sequence methylation occurs or whether it 
is found in promoter regions or gene bodies likely determines the ecological and 
evolutionary impact of the resulting phenotypic change. Thus, epigenetic modifications 
may influence phenotypic traits, shape response to stress, or affect growth and survival, 
all of which are key aspects of plant response to the environment.

An important question is whether DNA methylation shapes the ability of oaks and other 
long-lived trees to respond to the environment. The answer will require several types 
of evidence. First, we should document variation in methylation levels across natural 
populations, especially variation that is associated with environmental variables. Model 
systems, such as the annual plant A. thaliana, have been found to have natural variation 
in methylation (Schmitz and Ecker 2012). Second, we should examine evidence that the 
environment induces methylation. One way to assess whether epigenetic changes are 
induced by the environment is to compare variation in methylation of the same genotypes 
grown in different environments (Cortijo et al. 2014). Third, we should see whether the 
variation in methylation levels are associated with phenotypic variation, as has been found 

1. See the Glossary of Terms, p. 182, for words marked with an asterisk.
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in Arabidopsis (Schmitz et al. 2013; Cortijo et al. 2014), and, fourth, whether variation 
in methylation and phenotypes are transgenerational. For example, Holeski et al. (2012) 
discuss several plants where methylation is both induced and transgenerational. However, 
for oaks and other tree species, information about the importance of epigenetics to their 
response to the environment is sparse because their longevity and other life-history traits 
hinder experimental approaches. Yet, because of that longevity, epigenetic processes 
may be just as, or more, important as genetic processes in shaping response to rapidly 
changing environments. Here, we present studies of oaks and other tree species that 
investigate whether DNA methylation may play a role in the ability of oaks to respond 
to climate change.  

Methylation in natural populations of Quercus lobata

Oaks provide an excellent study system to assess the importance of epigenetic 
variation in shaping response to the environment because they occur in large populations 
distributed over broad, heterogeneous environments. The California endemic Quercus 
lobata (valley oak), typifies these features with populations distributed across a range of 
temperature, precipitation, latitudinal, longitudinal, and elevational gradients (Sork et al. 
2010; Gugger et al. 2013). 

Quercus lobata has been studied to assess whether methylation could be involved in 
response to the environment. To assess how DNA methylation differed among populations 
of Q. lobata, Platt et al. (2015) used a method called reduced-representation bisulfite 
sequencing (RRBS)* and analyzed epigenetic differences among three populations. They 
found significant differentiation at single-methylation variants (SMVs)* associated with 
the CG type of variant (CG-SMVs; FST = 0.28), which was much higher than differentiation 
found in the underlying DNA sequence at single-nucleotide polymorphisms (SNPs)* 
(FST = 0.18). These findings are consistent with the notion that the environment may 
have selected for different patterns of methylation and created high levels of epigenetic 
differentiation among these populations.

Additional evidence of the involvement of DNA methylation in local adaptation comes 
from correlations between environmental gradients with epigenetic variation. Gugger et 
al. (2016) sampled leaf tissue from 58 naturally occurring Q. lobata adults distributed 
across the species’ range. They then correlated levels of DNA methylation at three types 
of SMVs (CG-SMVs, CHG-SMVs, and CHH-SMVs) with various climate variables. 
They found 43 SMVs highly correlated with climate variables, and the majority of the 
SMVs were associated with CG-methylation and maximum temperature. Overall, the 
trend of SMVs of all contexts was to be associated with maximum temperature, while 
the trend for SNPs was to be associated with longitude and latitude, providing indirect 
evidence that methylation variants are more affected by the environment than are SNPs.

The gene that showed the strongest association between methylation status and maximum 
temperature was the dehydration-responsive element-binding protein, which is a transcription 
factor (TF) associated with drought tolerance. Given that TFs activate and deactivate genes, 
these findings suggest that temperature may be acting to influence population differences 
in methylation associated with drought tolerance. Findings from this study indicate that 
epigenetic processes may be involved in response to environment, but naturally high levels of 
genetic diversity and rates of outbreeding in Q. lobata make it difficult to isolate the impacts 
of epigenetic variation from underlying patterns of genetic variation.

Potential Role of Epigenetic Processes in Oak Populations

International Oaks, No. 30, 2019
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Methylation differs among genetically identical poplar individuals

In Populus spp. (poplars) and other species (including oaks) that reproduce clonally, the 
use of vegetatively-propagated cuttings is ideal for epigenetic studies because it allows 
the assessment of epigenetic responses to environmental variation while controlling 
for underlying genetic variation. In one study of epigenetic associations with drought 
response, Raj et al. (2011) compared gene expression and methylation levels during 
drought for three Populus hybrid clonal genotypes, with each clone being sourced from 
multiple nurseries and representing distinct environmental histories. The two clones that 
displayed differences in gene expression also had significant differences in global DNA 
methylation levels, indicating a possible epigenetic basis of drought response in Populus. 

A separate study of Populus assessed how identical genotypes exposed to varying 
environmental conditions vary in both their epigenetic diversity and phenotypic 
response. Vanden Broeck et al. (2018) studied the relationship between the phenology 
of bud set and epigenetic variation of the cultivated Populus nigra ‘Italica’, a cultivar 
that originated in the 1700s and spread worldwide via cuttings. Using cuttings from 60 
‘Italica’ across Europe and Asia, the authors found significant differences in methylation 
levels and also bud set phenology, where cuttings from colder areas ceased growth and set 
bud faster. Instead of identifying SMVs, they measured methylation-sensitive amplified 
fragment-length polymorphisms (MS-AFLPs),* which are not effective at identifying the 
molecular basis of methylation. Nonetheless, this study provides compelling evidence 
that DNA methylation can be induced by environmental factors. 

Drought stress induces epigenetic variation in Quercus ilex 

In one of the few studies of drought stress and DNA methylation in oaks, Rico et al. 
(2014) assessed how 12 years of experimentally-induced drought impacted patterns of 
methylation of Quercus ilex (holm oak) in northeastern Spain. Oaks that were exposed 
to drought showed changes in both the overall percentage of methylated loci and 
differentiation in certain loci that were methylated compared to control plants. Despite 
these changes in epigenetic variation, drought-exposed oaks showed significantly slower 
growth and higher mortality than control plants (Ogaya and Peñuelas 2007), suggesting 
that epigenetic response may not be sufficient to avoid the negative consequences of 
drought in oaks.

Temperature stress induces methylation in Quercus suber

Quercus suber (cork oak) is an ecologically and economically important oak, known 
for being the primary source of cork used for wine bottle stoppers (Pereira 2007). Correia 
et al. (2013) provided the first study of changes in DNA methylation with temperature 
stress in oaks by exposing Q. suber seedlings to a range of temperatures (25 °C-55 °C) in 
controlled growth chambers. Overall global DNA methylation increased significantly at 
55 °C when seedlings showed physiological symptoms of heat stress (i.e., leaf browning). 
In summary, although more work is needed, this study of Q. suber suggests that DNA 
methylation is associated with response to temperature stress.
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Photo 1/ What role do epigenetic processes play in the phenotypic plasticity so common in oaks, 
exemplified here in the leaf variation of Quercus ilex?



Glossary of Terms 

Bisulfite DNA sequencing. A technique in which the treatment of DNA with 
bisulfite, which converts cytosines into uracils but does not modify methylated 
cytosines, is used to determine the DNA methylation pattern. 

Cytosine DNA methylation is important in regulating gene expression and in 
silencing transposons. Three categories of methylation are defined by where the 
cytosine base is methylated: CG, CHG, and CHH (where H represents either adenine 
(A), cytosine (C) or thymine (T) nucleotides). 

Epigenetics is the study of mitotically and/or meiotically heritable changes in 
phenotype that arise independent of genetic variation, usually through chemical 
additions to DNA and changes in histones.

Gene expression: the general term for all the processes that result in the 
transcription of a DNA sequence to result in a phenotype. Regulation of gene 
expression is key to the production of simple and complex traits by controlling 
when and to what degree a gene is expressed.

Methylation-sensitive amplified fragment-length polymorphism (MS-AFLP): 
an alternative method for screening variation in DNA methylation. It can identify 
genome-wide methylation levels by replacing standard AFLP restriction enzymes 
with methylation-sensitive enzymes. 

Reduced-representation bisulfite sequencing (RRBS): one method of analyzing 
single-base-resolution methylation using bisulfite DNA sequencing, by cutting up 
the genome with a restriction enzyme and then analyzing levels of methylation at 
single sites across individuals. 

Single-methylation variants (SMVs): Positions along the genome where the 
level of cytosine methylation varies across individuals. 

Single-nucleotide polymorphisms (SNPs) is a single site that has sequence 
variation that varies across individuals.

Whole-genome bisulfite sequencing (WGBS). This method produces a 
“methylome”, which is the entire genome of an individual where the methylation 
status of each cytosine is measured. 

Based on Cokus et al. 2008; Law and Jacobsen 2010; Schmitz and Ecker 2012.
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Epigenetic variation and cork quality in Quercus suber

Ramos et al. (2013) presented the first study of the relationship between DNA 
methylation and cork quality in Quercus suber, which is important not only for commerce 
but also for protecting the trees from fire. Comparing six adult Q. suber with contrasting 
cork quality in terms of physical defects, the authors found that lower-quality cork had 
15% less global methylation than higher-quality cork. In a separate study, Inacio et al. 
(2017) compared methylation patterns using MS-AFLPs among two distinct cork types – 
virgin (unharvested) and amadia (previously harvested) and between cork tissue and leaf 
tissue on the same individual tree.2 They found overall epigenetic diversity was higher 
in cork tissue than in leaf tissue and that methylation patterns differed between amadia 
cork compared to virgin cork. These studies indicate that DNA methylation is associated 
with cork quality, though the causal connection between epigenetic variation and cork 
development needs more investigation. 

Conclusions

Oaks, like other plant species, show evidence that DNA methylation is associated 
with phenotypic traits that could allow or enhance growth and survival in warmer 
temperatures and drier conditions. Much more research is needed to determine the role 
of methylation and whether selection can act on that variation to contribute to local 
adaptation. Some methylation may be induced by the environment, but future work 
is needed to assess whether it actually affects phenotypes and for how long. Here, we 
have provided examples that demonstrate a potential role of methylation in oaks. If 
methylation shapes adaptive phenotypic response associated with climate change that is 
transgenerational, identification of the underlying methylation variants could provide an 
aid to genome-assisted forest management strategies and to horticulturists interested in 
specific phenotypic traits. 

Photographers. Title page: Béatrice Chassé (Quercus suber). Photo 1: Eike J. Jablonski.
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ABSTRACT

The maintenance of reproductive compatibility within taxonomic sections of the genus 
Quercus despite long evolutionary divergence supports Van Valen’s theory of the multispecies 
evolutionary complex. If Van Valen’s theory is correct, hybridizing oak species should remain 
distinct even with prolonged reproductive contact. I tested this prediction in the hybridizing 
Q. douglasii (blue oak) and Q. garryana var. garryana (Oregon white oak) by modeling 
their geographic distributions through the most recent glacial cycle. Species distributions 
for the last glacial maximum (21,000 years ago), the mid-Holocene climate optimum (6,000 
years ago), and the historical period (1951 to 2010) show that, though the ranges of both 
species have shifted considerably, they have continuously maintained a zone of sympatry. 
The potential for gene flow between Q. douglasii and Q. garryana var. garryana across this 
contact zone has persisted for tens of thousands of years, and possibly throughout the entire 
2.6-million-year Quaternary Period, supporting the conclusion that they are a multispecies 
evolutionary complex sensu Van Valen.
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Introduction

In developing the ideas of the ecological species and the multispecies evolutionary 
complex, Van Valen (1976) proposed an alternative to the traditional outcomes of gene 
flow between species. Taking Eastern U.S. White Oaks as his model, Van Valen suggested 
that gene flow across regional ecological gradients might be adaptive in a hybridizing 
multispecies complex. However, if the sympatry of hybridizing species is evolutionarily 
temporary, representing only the recent recontact of diverged lineages, then gene flow 
between them may not fit Van Valen’s theory. Instead we might be witnessing a brief 
interlude of gene flow before the species either merge into a single species with continued 
contact or complete their divergence if they become separated again. Prolonged sympatry 
between ecologically distinct oak species, with either continuous or episodic gene flow, 
is thus one testable prediction of Van Valen’s theory.

Reproductive compatibility in oaks is conserved within taxonomic sections despite 
more than 30 million years divergence and within broadly sympatric regional clades with 
15 to 30 million years divergence (Hipp et al. 2017). The temporal extent of sympatry 
between individual hybridizing species remains uncertain however. This study uses species 
distribution modeling at three time points across the most recent glacial cycle of the late 
Quaternary to assess fine-scale sympatry in two ecologically distinct and well-known 
hybridizing California White Oaks: Quercus douglasii and Q. garryana var. garryana. 

International Oaks, No. 30, 2019

Photo 1/ Quercus douglasii



187

Methods

I used the MaxEnt method (Phillips et al. 2006) to construct distribution models of 
the target oak species. This method consists of three steps: (1) the species climate niches 
are inferred using specimen occurrence data and pseudo-absences, (2) the climate niche 
models are used to project climate suitability across gridded climate layers, and (3) the 
species distributions are reconstructed by applying a threshold to the climate suitability 
layer.

Herbarium specimen records with georeference coordinates for Q. douglasii and Q. 
garryana var. garryana were retrieved from the Consortium of California Herbaria (CCH) 
and Consortium of Pacific Northwest Herbaria (CPNWH) databases. Occurrence points 
were mapped and visually inspected as a simple initial filter to remove specimens with 
obviously incorrect georeference coordinates. Additionally, one round of climate outlier 
filtering was carried out. For this filter, full MaxEnt models were run and suitability 
layers for the historical period were projected for each species. Any occurrence points in 
a grid cell projected to have suitability less than 0.20 were removed. After filtering, 975 
Q. douglasii and 471 Q. garryana var. garryana specimens remained in the final data set.

Historical climate layers with a spatial resolution of 30 arcsecs (approximately 800 
meters at the temperate latitudes occupied by the study oaks) and averaged for the period 
1951 to 2010 were used to infer the species climate niches (PRISM; Daly et al. 2008). The 
full set of 36 primary climate variables, consisting of monthly minimum and maximum 
temperatures and accumulated monthly precipitation, were used together in the model. 
Many of these climate variables are known to be strongly collinear, however the MaxEnt 
method has been shown to be robust against this kind of collinearity in predictor variables 
(De Marco and Nóbrega 2018).

Paleoclimate layers for the last glacial maximum 21,000 years ago and the mid-
Holocene climate optimum 6,000, years ago were used to project suitability and 
reconstruct the ancient distributions of the study oaks. These reconstructions are based 
on the Paleoclimate Model Intercomparison Project phase 3 (PMIP3; Braconnot et al. 
2012) using the Community Climate System Model version 4 coupled climate model 
(CCSM4; Gent et al. 2011) and have been downscaled to the same resolution as the 
PRISM historical data using statistical transfer functions (Mondal et al., in preparation).

The MaxEnt climate niche models were inferred using default settings (Phillips et 
al. 2018) and 1,000 pseudo-absences selected from the background of California, 
Oregon, and Washington states, broadly encompassing the ranges of the two oak species. 
The resulting climate niche models were then projected out across the historical and 
paleoclimate data sets to estimate climate suitability for each species in each grid cell at 
each of the three time points. Finally, a fairly conservative equal-sensitivity-to-specificity 
threshold (Liu et al. 2005), based on the distribution of the herbarium specimens, was 
applied to these suitability layers to reconstruct expected species distributions for both 
species in each period.

Results

The reconstructed historical era distributions of both Q. douglasii and Q. garryana var. 
garryana (Fig. 1C) are consistent with available expert and satellite-derived range maps 
for the species (Little 1971; Davis et al. 1998). The reconstructed range of Q. douglasii 
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is under-predicted in the northern California Central Valley and incorrectly extends 
south over the Transverse Ranges, a feature commonly found in modeled distributions 
of the species based on climate niche (e.g., Kueppers et al. 2005). The reconstructed 
range of Q. garryana var. garryana extends further toward the Pacific coast than the true 
range and also includes outlying locations in the Sierra Nevada and Transverse Ranges, 
which are possibly an artifact of incorrectly identified Quercus garryana var. breweri/
semota herbarium specimens in the occurrence data set. In spite of these minor issues, 
the reconstructed historical distributions are accurate enough that the underlying niche 
models can provide worthwhile reconstructions of the ancient, unobserved distributions.

The reconstructed species distributions from the mid-Holocene climate optimum 6,000 
years ago (Fig. 1B) are very similar to those of the historical period, showing only slight 
northern and southern range expansions for both species and some contraction of Q. 
garryana var. garryana from mid-elevation montane regions.

Reconstructed distributions of both species from the last glacial maximum 21,000 years 
before the present (Fig. 1A) are dramatically different from their historical distributions. 
Both species occupy far more southern ranges. Quercus douglasii is also notably reduced 
in most of its current range in the Sierra Nevada foothills, where it is replaced by Q. 
garryana var. garryana even at low elevations. This species is also seen throughout 
California’s Central Valley (similar to its current distribution in Oregon’s Willamette 
Valley, where it appears to have been more limited during the glacial maximum).

It should be noted that the historical and paleoclimate layers used in reconstructing 
these species distributions only include the coterminous United States, so the extreme 
northern and southern edges of the target species distributions into Canada or Mexico 
cannot be reconstructed. The effects of this limitation on the resulting distributions can 
be seen in Figure 1. There is certain extension of Q. garryana var. garryana into British 
Columbia in the historical period as well as likely during the mid-Holocene and there 
may have been extension of both taxa into northern Baja California during the last glacial 
maximum, however reconstruction of the majority of the species distributions through 
California, Oregon, and Washington are unaffected by this.

Figure 1/ Reconstructed species distributions for Quercus douglasii (blue) and Q. garryana var. garryana 
(purple) and their range overlap (gold) during (A) the last glacial maximum 21,000 years ago, (B) the 
mid-Holocene climate optimum 6,000 years ago, and (C) the historical climate period averaged from 
1950 to 2010.
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Discussion

The reconstructed distributions of Q. douglasii and Q. garryana var. garryana presented 
here indicate a consistent zone of sympatry across all three time periods (Fig. 1, gold 
color). This zone is correctly reconstructed as occurring north of the San Francisco Bay 
Area and into the inner North Coast Ranges for the historical period. The zone of overlap 
expanded slightly during the mid-Holocene, mostly resulting from northern expansion 
of Q. douglasii. During the last glacial maximum nearly the entire range of Q. douglasii 
overlapped with the much more southern distribution of Q. garryana var. garryana.

This notable southern extension of the Q. garryana var. garryana range during the last 
glacial maximum as reconstructed here warrants further investigation. This distribution 
would have brought the species into extensive sympatry with other California White 
Oaks, including Q. lobata (valley oak), which may have occupied a similar range at 
the time (Gugger et al. 2013). This would indicate shifting relationships in the broader 
California White Oak multispecies complex. Quercus lobata and Q. douglasii have a 
notable zone of range overlap in the historical period and some gene flow is identified 
between them (Kim et al. 2018). However, the potential for hybridization of Q. lobata with 
Q. garryana var. garryana is not well studied because the species have very little range 
overlap in the present. More extensive range overlap during the last glacial maximum, 
as indicated here, may have allowed hybridization and gene flow between these species 
as well. This ancient contact would likely still be identifiable in the modern genomes of 
the two species.

The most recent glacial cycle depicted in these models appears to be broadly similar 
to other glacial cycles of the late Quaternary, which have been characterized for more 
than 450,000 years in the study area (Herbert et al. 2001), if not the entire 2.6 million 
year Quaternary period. Indeed, additional reconstructions not presented here, based on 
a coarser set of paleoclimate layers, but including the last interglacial period 120,000 
years ago, show that the ranges of these species then were quite similar to the present, 
including a zone of sympatry in coastal Northern California.

Thus the model evidence presented here suggests long-term sympatry between Q. 
douglasii and Q. garryana var. garryana across at least parts of their ranges. In spite of 
this, the two species remain ecologically distinct. This pattern lends support to treating 
them as a multispecies evolutionary complex of the sort Van Valen discussed in his 1976 
paper.
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Agrifoliae: the California Red Oaks
Al Keuter1 and Paul S. Manos2

ABSTRACT

Like water from an incredibly slowly leaking faucet the recognition of the four species 
(Fig. 1) of the California Floristic Province (CA-FP) native Red Oaks (Quercus, section 
Lobatae, series Agrifoliae) has dripped out one at a time over nearly two hundred years. 
The eleven currently accepted taxa – four species including eight varieties plus three named 
hybrids – were each described by different authors, most prior to 1890. A recent study (Hauser 
et al. 2017) combining both morphological and molecular analysis has finally examined all 
eleven taxa simultaneously. Morphometric and DNA sequence (RAD-Seq) results are in 
general agreement, confirming the four California Red Oak species to be distinct while also 
identifying two samples as F1 hybrids. Here we describe and interpret the taxonomic history 
of the Agrifoliae and provide a detailed synthesis of the findings which have consequences 
to biodiversity and conservation concerns. We conclude that: 1) DNA analysis establishes 
the Agrifoliae to be a discrete clade separate from and sister to the combined Eastern North 
America and Mexican Red Oaks, splitting from them roughly 30 million years ago; 2) Q. 
wislizeni is not composed of two varieties as described by Engelmann; 3) Q. parvula var. 
tamalpaisensis is of hybrid origin, not a variety of Q. parvula; 4) DNA analysis reveals an 
unnamed F1 hybrid (Q. kelloggii × Q. parvula var. shrevei); and 5) both morphological and 
DNA analyses suggest Q. parvula var. parvula is a hybrid, but sample sizes are too small to 
confirm this.
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The convoluted taxonomic history of the Agrifoliae 

Luis Née’s 1801 description of Quercus agrifolia (Fig. 1C) – collected by the Spanish 
Malaspina Expedition of 1789-1794 ostensibly in both Monterey and, incorrectly, Canada 
– constitutes the first California Red Oak taxon still recognized today (Née 1801). Like all 
of the others to follow, Q. agrifolia is a morphotaxon, defined by its unique combination 
of morphological characters: the spiny leaves and sharply pointed fruit which distinguish 
Q. agrifolia from oaks found in Europe and the Eastern United States. Another half 
century elapsed before botanists began teasing out other California Red Oak taxa.

In 1855 Kellogg described Q. arcoglandis, from material collected by Colonel 
Ransom near Fort Tejon in Kern County (Kellogg 1855). The type specimen and 
Kellogg’s drawings are presumed destroyed by the fire following the 1906 San Francisco 
earthquake. Even without these, Kellogg’s surviving published description defines an 
evergreen oak different from Q. agrifolia. Today, the California Red Oak matching 
Kellogg’s description near Fort Tejon are those now called Q. wislizeni (Fig. 1D).

Nine years after Kellogg’s publication, Swiss-French botanist Alphonse P. De Candolle 
described Q. wislizeni (A. DC. 1864) relying on material he thought to have been gathered 
in either 1846 or 1847 by Friedrich Wislizenus in the mountains of Mexico to the west 
of Chihuahua near Cosiquiriachi, altitude 7,000 ft., where Wislizenus was imprisoned 
during the Mexican-American War. Collected material was forwarded to De Candolle by 
German-born botanist Georg Engelmann – fellow German-born expat, Wislizenus’s close 
friend, and St. Louis medical-practice partner.

The naming by De Candolle of a high-elevation Mexican oak might have had little to 
do with California Red Oak taxonomic history today except that nearly 30 years after 
Wislizenus’s collection 69-year-old Engelmann published a surprising modification to 
collection location and date. He changed them from the mountains of Mexico in 1846-
1847 during Wislizenus’s Mexican-American War imprisonment, to the Sierra foothills 
of California in 1851 during Wislizenus’s extended honeymoon. Engelmann wrote that 
the revised location was along the “American Fork of Sacramento River,” neglecting to 
include “near Auburn” (also noted on the type specimen’s label). In the same publication 
Engelmann devoted half a sentence to his description of a new variety, Q. wislizeni var. 
frutescens (Engelmann 1878), complementing his other shrubby variants: Q. agrifolia 
var. frutescens (Engelmann 1880) and Opuntia fragilis var. frutescens (Engelmann 1845), 
both no longer recognized.

But previously in 1853 – before the published descriptions of either Q. arcoglandis or 
Q. wislizeni – a United States military and scientific expedition had made its way down the 
Zuni and Colorado Rivers. While crossing the mountains towards San Diego expedition 
members collected material from a holly-leaved oak near Santa Ysabel subsequently 
examined by John Torrey and described as a new species: Q. oxyadenia (Torrey 1853). 
This would have been the second California evergreen oak to be recognized, but because 
of its morphological similarity to Q. agrifolia, Q. oxyadenia was not widely accepted as 
a separate species and was relegated to synonymy under Q. agrifolia. Ignored for nearly 
80 years Q. oxyadenia was eventually resurrected by John Thomas Howell as Q. agrifolia 
var. oxyadenia (Howell 1931).

By 1887 all California evergreen Red Oaks were considered to be either Q. agrifolia 
or Q. wislizeni until fieldwork on Santa Cruz Island by botanist and Episcopal rector 
Edward Lee Greene. He noted a shrubby oak similar to but distinct from Q. wislizeni, 
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calling it Q. parvula (Greene 1887). However, shortly thereafter he reluctantly stepped 
away from his new species deciding it was best lumped together with Q. wislizeni because 
of its similarity to Mt. Tamalpais oaks previously identified as Q. wislizeni (Greene 1889-
1890).

Expansion of California’s evergreen Red Oak count from two to three again seemed 
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Figure 1/ Examples of the four Agrifoliae species of Quercus. Deciduous: (A) Quercus kelloggii; 
Evergreen: (B) Q. parvula (var. shrevei shown); (C) Q. agrifolia (var. agrifolia shown); (D) Q. wislizeni.
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likely when in 1938 Cornelius H. Muller described Q. shrevei from material collected by 
botanist Forrest Shreve in Big Sur’s Palo Colorado River canyon in 1918 (Muller 1938). 
But as with Torrey’s Q. oxyadenia, Q. shrevei was also ignored.

More than 110 years after De Candolle’s description of Q. wislizeni, Kevin Nixon 
determined that this taxon included not one but two distinct species of evergreen Red 
Oaks (Nixon 1980; Nixon and Muller 1994). He resurrected Greene’s Q. parvula, placing 
the Santa Cruz Island and nearby mainland trees there and recombined Muller’s Q. shrevei 
as Q. parvula var. shrevei (Fig. 1B), where he assigned the majority of the coastal trees.

The final addition to the current list of California evergreen Red Oaks was made by 
S.K. Langer with his description of Q. parvula var. tamalpaisensis from a small number 
of trees on or near Mt. Tamalpais in Northern California (Langer 1993).

California’s only native deciduous Red Oak – originally confused with Q. rubra 
from the Eastern United States – was recognized as Q. kelloggii (Fig. 1A) in 1857 by 
Newberry, described from a specimen collected by Karl Hartweg near Sonoma in 1848 
(Newberry 1857).

Three hybrid Agrifoliae have been named, none after 1949: Q. ×chasei (Q. agrifolia 
var. agrifolia × kelloggii) (McMinn et al. 1949); Q. ×ganderi (Q. agrifolia var. oxyadenia 
× kelloggii) (Wolf 1944); and Q. ×morehus (Q. wislizeni × kelloggii) (Kellogg 1863).

Each of these 11 Agrifoliae taxa (4 species, 4 additional varieties, and 3 named hybrids) 
is a morphotaxon described by a different author, most before 1890. Until the recent 
publication of a combined morphological and DNA analysis (Hauser et al. 2017) there 
existed no single study simultaneously examining all of the Agrifoliae taxa.

Academic and citizen science join hands

Historically, Agrifoliae descriptions were often published by citizen scientists: Albert 
Kellogg, physician (Q. arcoglandis, Q. ×morehus); Stephen K. Langer, naturalist (Q. 
parvula var. tamalpaisensis); Georg Engelmann, physician (Q. wislizeni, Q. wislizeni var. 
frutescens); Edward Lee Greene, Episcopal rector (Q. parvula); John Strong Newberry, 
geologist, physician, explorer (Q. kelloggii).

Echoing this history, the recent Agrifoliae study paired lab work and DNA analysis at 
Duke University with concurrent citizen science fieldwork and morphometric analysis. 
The East Coast academic team led by Paul Manos included postdoctoral associate John 
McVay, lead author Duncan A. Hauser, and The Morton Arboretum’s Andrew L. Hipp; 
they were joined by West Coast collaborator Al Keuter.

Morphological studies

Trees sampled for the study were generally morphologically typical representatives of 
Agrifoliae taxa; less typical specimens were only collected when necessary to preserve 
close proximity of sympatric sample populations. The exception was Q. agrifolia which 
was so variable at or near every sample locality that “typical” representatives could not 
be easily determined (though all shared annual fruit maturation unique to Q. agrifolia 
among the Agrifoliae). Type localities were sampled for eight of the eleven named taxa 
– all except Q. agrifolia var. agrifolia, Q. ×morehus, and Q. ×chasei. Sympatric taxa 
were also sampled at the type localities. Too late to include in the study, the Q. ×chasei 
holotype tree was not collected and morphologically examined until May 2017.
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Figure 2/ PCA analyses of morphometric data. (A) PCA of leaf and assembled fruit characters (39 trees, 
13 leaf + fruit characters). (B) Leaf-only PCA (77 trees, 12 leaf-only variables) including measurements 
from digitized herbarium sheets of type specimens. NOTE: Legend entries marked (NF) specify taxa 
lacking measurable assembled fruit; together with the type specimens they appear only in B.
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Roughly 18,000 morphological measurements and assessments produced useful 
multivariate and univariate results. The multivariate analysis of leaf + assembled fruit 
measurements demonstrated segregation of the major Agrifoliae taxa to be generally 
consistent with current taxonomy (Fig. 2A).

Type specimens were included in leaf-only measurements (Fig. 2B). The results 
suggest the Q. parvula var. parvula lectotype is a hybrid (Q. parvula var. shrevei × Q. 
wislizeni). Of further note, the holotypes of Q. wislizeni and, particularly, Q. wislizeni 
var. frutescens did not fall separately from the Q. wislizeni samples.

This study’s multivariate analysis of Q. wislizeni is consistent with the taxon’s original 
description (De Candolle 1864). Engelmann’s later portrayal of Q. wislizeni (Engelmann 
1878) is entirely different (leaves “2-4 inches long … petioles 5-9 lines long”), more 
accurately describing Q. kelloggii or Q. ×morehus than Q. wislizeni or any of the other 
evergreen Agrifoliae. In contrast, Engelmann’s description of Q. wislizeni var. frutescens 
in the same publication (“in var. frutescens the leaves are only 1-1½ inches long, oval, 
entire, or often very sharply and deeply lobed-dentate; petioles 1-2 lines long”) most 
closely matches De Candolle’s description of Q. wislizeni.

Leaf-only measurements of Q. parvula var. tamalpaisensis suggest both an intermediate 
morphology between Q. parvula var. shrevei and Q. wislizeni as well as possible affinities 
with Q. kelloggii (Fig. 2B).

Figure 3/ Quercus parvula var. shrevei and Q. wislizeni fruit comparison. Box-and-whisker charts show 
inclusive medians; 1st and 4th quartiles limit the boxes, median line and mean marker are displayed 
inside the boxes.
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Univariate analysis identified useful measurements for distinguishing Q. wislizeni 
from Q. parvula: differing fruit scar diameter (smaller in Q. wislizeni) and, especially, 
pointed nuts (Q. wislizeni) versus blunt, measured as the diameter 6 mm from the apex 
(Fig. 3).

Figure 4/ Phylogenetic tree (left) and STRUCTURE analyses (colored bars) of Agrifoliae samples. Left 
column colored bars = all Agrifoliae as a single group (three clades). Right column colored bars = each 
of the three clades isolated to identify their subclades:  (1) Quercus kelloggii, two subclades; (2) Q. 
parvula/Q. wislizeni complex, two subclades; (3) Q. agrifolia complex, four subclades.
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Tree median nut diameters 6 mm from the apex and fruit scar diameters are generally 
consistent beginning late July until the fruit reach maturity in October or November; 
during the same time period nut length may nearly triple, making it a poor key character 
(Keuter 2013-2017, unpublished data).

DNA analyses

Sampled populations were selected to include as many different species or named 
hybrids of Agrifoliae at each sample location as possible. Other selection considerations:

• type localities were sampled if known and sympatric with other Agrifoliae;
• proximate populations in mixed communities were sampled while generally 

avoiding atypical specimens.
Restriction site associated DNA sequencing (RAD-Seq) was conducted on most of the 

same samples examined morphologically. Phylogenetic analysis of the RAD-Seq data 
disclosed the samples to be segregated into clades which are consistent to species with 
the morphological results and current taxonomy.

We also analyzed the RAD-Seq data to investigate population-level genetic structure 
and the assignment of individuals to broader genotypic groups. Not only did this 
analysis output cluster into the same clades as those identified by the phylogenetic and 
morphological analyses, but it provided additional insight into the levels of genetic 
admixture between species across the entire sample and in subclades (Fig. 4): (1) Q. 
parvula var. shrevei and Q. wislizeni are shown to be distinct taxa; (2) two specimens 
identified morphologically as hybrids are F1 hybrids, one of them the Q. ×ganderi 
holotype tree. However, the other F1 hybrid is most likely the currently unnamed pairing 
of Q. kelloggii and Q. parvula var. shrevei – provisionally named “Q. ×wootteni.” (3) Q. 
parvula var. tamalpaisensis is revealed to be a hybrid between Q. parvula var. shrevei  
and Q. wislizeni. (4) The single Q. parvula var. parvula specimen analyzed is shown to be 
a hybrid between Q. parvula var. shrevei and Q. wislizeni, consistent with morphological 
analysis of the lectotype.

DNA analysis results:
A. Quercus kelloggii is separated into Northern and Southern California subclades 

which are not readily distinguishable morphologically; more study of Southern 
California populations is needed.

B. There is no evidence of introgression between Q. kelloggii and the evergreen 
Agrifoliae in the test samples except in the two F1 hybrids. This could suggest 
that introgression beyond F1 is rare – although Wolf’s garden plantings of Q. 
×morehus offspring and field observations suggest otherwise (Wolf 1938) – or 
it could reflect the relative ease with which Q. kelloggii × evergreen Agrifoliae 
phenotypic admixture was observed and avoided during population selection for 
this study. Dodd and Papper have also reported avoiding unexpected Q. kelloggii 
introgression in their sampling, except in a single collection from Palo Colorado 
Canyon (personal communication, 2018).

C. Quercus parvula var. shrevei is distinct from and sister to Q. wislizeni.
D. The lone Q. parvula var. parvula sample is an introgressed hybrid (Q. parvula var. 

shrevei × Q. wislizeni × Q. agrifolia). Another recent study has similarly found Q. 
parvula var. parvula to have a complex genetic background (Dodd and Papper 2019).
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E. Quercus parvula var. 
tamalpaisensis samples 
from the type locality are 
all introgressed hybrids (Q. 
parvula var. shrevei × Q. 
wislizeni).

F. C. and D. imply that 
Q. parvula var. shrevei 
(originally Q. shrevei C.H. 
Mull.) is the only valid 
variety of Q. parvula; more 
study needed.

G. Quercus agrifolia-complex 
samples were segregated into 
four subclades: 1. Central 
California coast. Southern 
California; 2. Santa Ysabel 
(Q. oxyadenia type locality); 
3. Palomar Mountain; 4. 
San Gabriel Mountains. 
Central California samples 
showed introgression with Q. 
parvula-wislizeni-complex. 
Laguna Beach and U.S./
Mexican border samples 
showed introgression 
between subclades 1 and 3; 
more study is needed.

DNA analysis further suggests the divergence of the California Red Oaks from the 
Eastern North America (ENA) Red Oaks occurred ~10 million years before the later 
separation of the bulk of the Mexican Red Oaks from the ENA Red Oaks ~20 Ma. 
Surprisingly, despite the physical proximity of Mexico to California, the Mexican Red 
Oaks are more closely related to the ENA Red Oaks than to the California Red Oaks.

Our estimate of the divergence between Q. parvula and Q. wislizeni is consistent with 
the hypothesis that the split occurred approximately 10-12 Ma (Axelrod 1983).

Differences between DNA and morphological results:
• While morphological analysis identified clear separation between Q. agrifolia 

var. oxyadenia and Q. agrifolia var. agrifolia, DNA analysis suggested Southern 
California Q. agrifolia to be more complex and deserving of additional study.

• Morphological measurements suggested Q. kelloggii influence in Tamalpais oak 
although DNA analysis did not find California black oak introgression.

• The morphological characters analyzed suggested Q. agrifolia var. agrifolia 
influence in the “Q. ×chasei” sample but DNA analysis did not find evidence of Q. 
agrifolia admixture.

Figure 5/ Hermaphroditic flowers, Quercus agrifolia var. 
agrifolia, August 8, 2018.
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Exciting new Agrifoliae observations

Subsequent to the Hauser study (Hauser et al. 2017), continuing observations of 
California Red Oaks have provided unexpected results:

• A single Quercus agrifolia var. agrifolia tree in Santa Cruz, CA, has developed 
bisexual flowers (Fig. 5) four consecutive years (the first three years reported in 
Keuter 2018), described only once before in Agrifoliae (Greene 1889). 

• Recent observations have revealed that a hybrid of two species distinguished by 
the time required for fruit maturation – Q. agrifolia (annual fruit maturation) × 
Q. parvula var. shrevei (biennial fruit maturation) – has simultaneously produced 
mature crops of both annual and biennial fruit in 2017 (second year study is in 
progress). While polymorphism in fruit maturation has been observed in section 
Cerris (e.g., Q. suber: Díaz Fernández 2000) this is the first report based on 
hybridizing populations of annual- and biennial-maturing species in the Red Oaks 
(Fig. 6)

Conclusion

This work represents an exciting and informative example of the power of citizen 
science and receptive academics. It also generally demonstrates taxonomic congruence 
between morphological and genetic analysis; however, it does not find support for three 
of the named varieties of Agrifoliae, showing two to be introgressed hybrids and failing to 
find evidence of the third (see Table 1). It further reveals that the early-branching pattern 
of Agrifoliae relative to all other American Red Oaks mirrors the recently discovered 
divergence of the Dumosae (most California White Oaks) from all other American White 
Oaks (McVay et al. 2017).

Current taxonomy Taxonomy supported by Hauser et al. 2017

Q. agrifolia Née var. agrifolia Q. agrifolia Née var. agrifolia

Q. agrifolia Née var. oxyadenia (Torr.) J.T. Howell Q. agrifolia Née var. oxyadenia (Torr.) J.T. Howell

Q. kelloggii Newb. Q. kelloggii Newb.

Q. parvula Greene var. parvula ? likely introgressed hybrid, more study needed

Q. parvula Greene var. shrevei (C.H. Mull.) Nixon Q. parvula Greene var. shrevei (C.H. Mull.) Nixon

Q. parvula Greene var. tamalpaisensis S.K. Langer NO: introgressed hybrid

Q. wislizeni A. DC. var. wislizeni Q. wislizeni A. DC.

Q. wislizeni Engelm. var. frutescens Engelm. NO: indistinguishable from Q. wislizeni A. DC.
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Disentangling the Phylogenetic Network 
of the California Red Oaks

Richard S. Dodd1* and Prahlada Papper2

ABSTRACT

The Red Oaks of California form a clade of four species that is distinct from Eastern 
North American Red Oaks. Of these four species, the Quercus wislizeni/Q. parvula 
complex has posed greatest confusion. We conducted a phylogenetic study of the clade, 
including a number of individuals of the two named varieties of Q. parvula from different 
localities. To improve phylogenetic signal, we removed individuals with a signal of recent 
admixture. The resulting maximum likelihood tree identified all four named species and 
both varieties as distinct clusters. However, the Purisima population of Q. parvula var. 
parvula appeared to be more related to the Palo Colorado population of Q. parvula var. 
shrevei than to its putative sister population on Santa Cruz Island. The population tree 
based on branch concordance factors from gene trees supported the same topology, but 
concordance factors were low for the Q. parvula clade, suggesting possible incomplete 
lineage sorting.
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Introduction

The California Red Oak clade includes four species endemic to the California Floristic 
Province. Previous work has shown this clade to be distinct from the Red Oaks of Eastern 
North America and Mexico (Trelease 1924; Hauser et al. 2017). It includes the deciduous 
Quercus kelloggii (California black oak) and three evergreen oaks, Q. wislizeni (interior 
live oak), Q. parvula (Santa Cruz Island oak), and Q. agrifolia (coast live oak), which 
commonly interbreed (Dodd and Afzal-Rafii 2004; Dodd 2007). Identification within 
the Q. wislizeni/Q. parvula complex can be challenging and the ecological literature 
has, until relatively recently, treated all members as Q. wislizeni, despite the marked 
preference of Q. parvula var. shrevei for moist, sometimes closed, forest conditions. 

E.L. Greene first reported Q. parvula from Santa Cruz Island (Greene 1887), but he 
later regarded it as a synonym of Q. wislizeni (Greene 1889). A century later, Nixon 
and Muller (1994) assigned tree forms of Q. parvula occurring in moist forests from 
Santa Barbara northwards to Mendocino Co. to Shreve oak (Q. parvula var. shrevei (C.H. 
Mull.) Nixon). An additional variety, Q. parvula var. tamalpaisensis S.K. Langer, found 
in conifer woodland on Mount Tamalpais, Marin Co. (CA), is likely a backcross of Q. 
parvula var. shrevei and Q. wislizeni (Hauser et al. 2017).

Although morphological traits have been used successfully to separate species (Nixon 
1980), molecular markers have met with mixed success (Kashani and Dodd 2002). 
Recently, Hauser et al. (2017) reported good bootstrap support for the separation of the 
four species (Q. kelloggii, Q. agrifolia, Q. wislizeni, and Q. parvula var. shrevei) from 
RADseq genomic data, although Q. parvula var. parvula was represented by only a single 
individual and so could not provide truly informative phylogenetic interpretation. 

In this work, we address in more detail the position of Q. parvula var. parvula in the 
Red Oak clade, using a much greater sample representation, both from Santa Cruz Island 
and from the mainland. Furthermore, we make a first attempt to separate incomplete 
lineage sorting from hybrid events leading to reticulation in the evolution of members of 
this group. 

Methods

Samples and sequencing
Four to ten individuals were selected for sequencing from populations of Q. kelloggii, 

Q. agrifolia, Q. wislizeni, Q. parvula var. parvula, and Q. parvula var. shrevei. (Fig. 1).
Sequencing libraries were prepared from extracted DNA following a custom double 

digest restriction enzyme associated DNA (RAD) sequencing protocol based on the 
ddRAD (Peterson et al. 2012) and gdGBS (Peterson et al. 2014) protocols. Libraries were 
sequenced on an Illumina HiSeq 4000 platform with 150 bp paired-end reads. Sequence 
data were aligned to the Q. lobata reference genome v3.0 (Sork et al. 2016) using 
the Bowtie 2 software and SAMtools (Li et al. 2009; Langmead and Salzberg 2012). 
Variants were called in FreeBayes (Garrison and Marth 2012) after filtering to remove 
low quality reads and paralogs. This yielded a final data set of 8358 SNPs that were used 
for STRUCTURE analysis and assembled into 150 to 500 bp consensus sequences for 
maximum likelihood and gene tree phylogenetic analyses.

International Oaks, No. 30, 2019
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Population and phylogenetic analyses
The entire SNP table was analyzed in STRUCTURE (Pritchard et al. 2000) using 

default parameters and one million iterations, with 10,000 burn-in. Optimum K was 
inferred (from three STRUCTURE runs for K from 2 to 9 clusters) in STRUCTURE 
HARVESTER according to the Evanno method. Admixture results were inspected to 
remove individuals showing evidence of introgression in populations that did not 
otherwise appear to show widespread and uniform hybrid ancestry. A concatenated 
FASTA file of this reduced data set (40 individuals) was used for maximum likelihood 
phylogenetic estimation in RAxML v8 (HPC version) using the GTRCAT model and 100 
fast bootstrap replications (Stamatakis 2014).

Additional phylogenetic estimation was carried out on the same reduced sample set 
by first inferring 8358 individual gene trees in MrBayes with 500,000 generations of 
one heated and three cold chains (Ronquist et al. 2012). Trees from uninformative sites 
and all non-converging trees with an ASDSF above 0.033 were discarded, leaving 2,437 
remaining gene tree distributions. Bayesian concordance factors (CFs) were estimated 
from these gene trees using the BUCKy pipeline (Ané et al. 2007). A population tree was 
assembled from CFs using a maximum pseudo-likelihood unrooted quartets method that 
approximates the multispecies coalescent while also preserving the branch concordance 
factors (Larget et al. 2010).

Results

STRUCTURE results favor an optimum of K=4 clusters, which correspond roughly to 
the four species-level divisions in the California Red Oaks (Fig. 1, left). This indicates 
that population structure may be poorly defined between the varieties of Q. parvula. At 
K=5, STRUCTURE does separate Q. parvula into two clusters, with samples from the 

Disentangling the Phylogenetic Network of the California Red Oaks 
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Figure 1/ Results of sequencing four to ten individuals from populations of Quercus kelloggii, Q. 
agrifolia, Q. wislizeni, Q. parvula var. parvula, and Q. parvula var. shrevei.
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Palo Colorado type locality for Q. parvula var. shrevei in one and samples from Santa 
Cruz Island Q. parvula var. parvula in the other (Fig. 1, center). However, Q. parvula 
var. parvula from the mainland in the Purisima Hills clustered more closely with the Palo 
Colorado population, but with a significant contribution from the Santa Cruz Island Q. 
parvula cluster.

The phylogeny inferred under maximum likelihood identified all four species and both 
named varieties as distinct clusters (Fig. 2) while again showed that the Purisima population 
was more closely related to the samples from Palo Colorado than those from Santa Cruz 
Island. Bootstrap supports were high for all branches leading to named species and varieties 
(>0.98), but notably low on the branch leading to the Purisima population (0.52).

The population tree based on branch CFs from gene trees supports the same topology 
as the gene concatenation maximum likelihood tree at the level of species and varieties, 
including the placement of the Purisima samples as sister to the Palo Colorado population 
(Fig. 3). However, CFs on several of the main branches were very low (<0.40), including 
the branch leading to the entire Q. parvula clade and the branch leading to the Palo 
Colorado and Purisima populations, as well as the branch leading to a Hopland population 
within Q. wislizeni.

Figure 2/ The phylogeny inferred under maximum likelihood identified all four species and both named 
varieties as distinct clusters.
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Discussion

The multiple methods used here provide support for the identification of four named 
species within the California Red Oak clade and possibly of the two varieties of Q. 
parvula. However, branches on the maximum likelihood tree with very high bootstrap 
support were revealed, in some cases, to have low concordance factors in the BUCKy 
analysis, indicating a lack of even majority support for some of these inferred clades 
across the genome. Thus gene concatenation methods, even with bootstrapping, may 
tend to obscure underlying discordance within the genome and present an oversimplified 
picture of relationships.

Because branches with low Bayesian concordance factors in the BUCKy analysis of 
our data set also have short coalescent times, much of the observed gene tree discordance 
could be due to incomplete lineage sorting (ILS) rather than introgression. However, we 
note that individuals from some populations that showed evidence of introgression in the 
STRUCTURE analysis were removed prior to the phylogenetic inference steps, which 
would minimize the signal of introgression in these analyses, though probably not within 

Figure 3/ The population tree based on branch CFs from gene trees supports the same topology as the 
phylogeny inferred under maximum likelihood (Fig. 2).
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the Q. parvula clade. In order to better understand the roles of ILS and introgression in 
these oaks, we propose to use additional phylogenetically informed methods capable 
of distinguishing between them; D-statistics (Durand et al. 2011) and multispecies 
network coalescent models (Wen et al. 2016; Solís-Lemus et al. 2017). Both methods 
show promise, but are difficult to implement at a full scale using genomic data, requiring 
further reduction of samples in order to be computationally tractable.
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ABSTRACT

Oak wilt disease (Bretziella fagacearum, syn. Ceratocystis fagacearum, also described 
under Endoconidiophora fagacearum  with its asexual stage Chalara quercina) is a fatal 
systemic vascular fungus transmitted by multiple methods. It is closely analogous to Dutch 
elm disease (Ophiostoma ulmi, syn. Ceratocystis ulmi) in Ulmus. Oak wilt is fatal to most 
(probably all) oak taxa that are infected, and it is becoming increasingly prevalent in the 
Eastern and Central U.S. Oak wilt could be considered the most serious of all oak pathogens 
due to its broad and expanding range, its consistently fatal results, and the number of 
susceptible species. The Plant Collections Network (PCN) oak collection at Starhill Forest 
Arboretum (Illinois, USA) has dealt successfully with this problem on two occasions, with 
some trees being killed each time before eradication has been completed. Treatment practice 
includes root separation between trees, fungicide injection, tree removal, stump treatment, 
and follow-up observation, with critical timing and application protocols being followed. 

International Oaks, No. 30, 2019
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Photo 1/ Symptomatic leaves in three taxonomic sections: Quercus rubra in Elkhart, Illinois (section 
Lobatae, upper right); Q. variabilis at Starhill Forest (section Cerris, lower right); Q. mongolica at 
Starhill Forest (section Quercus, left). 
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Introduction

Symptoms resembling those of oak wilt were observed initially more than 100 years ago in 
Wisconsin and Minnesota and the disease was described formally in 1944. It has spread since 
then to more than 20 U.S. states ranging from Minnesota down through Texas. Long thought 
to be an endemic disease, it is increasingly thought that it may have been introduced to North 
America. It could have originated from Mesoamerica, carried via infected beetles blown by 
winds or carried by woodpeckers, or more likely via infected wood pieces carried by tourists. 
The disease is still expanding steadily in North America and every North American as well as 
every Eastern Hemisphere oak species in cultivation seems susceptible. Apparently there has 
been no evolved resistance, which could be expected over an extended time of association 
with a native pathogen. 

Species in section Lobatae die very quickly once symptoms become visible, progressing 
proximally from the top down within a few weeks. Those in section Quercus are more 
unpredictable and can die more slowly, often starting with scattered branches. Those in 
section Cerris exhibit variable symptom patterns based upon our very limited observation. 
However, the end result is always the same: the trees die. 

None of this background information directly affects the treatment protocols addressed in 
this paper. It serves instead to illustrate the serious, complex, and comparatively unknown 
characteristics of the problem.

The experience at Starhill Forest

Presumably oak wilt was introduced to Starhill Forest from a remote infection center 
via utility line clearance activities undertaken during the summer on wild trees along 
the adjacent public road. This probably happened two or three years before the disease 
became noticeable in the adjacent arboretum. Symptoms were initially observed in 
2008 on a hybrid Red Oak (section Lobatae) grown from seed brought from Minnesota, 
though the cause was not identified at that time. The disease was identified in 2009 as the 
infection spread. A residual or new infection appeared in 2012-2013.

How the disease spreads

Opening wounds (e.g., pruning live wood for utility clearance) during the growing 
season (in our area, from the spring equinox until the autumnal equinox) makes fresh sap 
available as food for small picnic beetles (family Nitidulidae) that are able to detect the 
food scent from a great distance. If they have been feeding on a fresh wound or at the spore 
pads of an already infected tree, they can transmit the disease as they feed on the sap from 
the newly-wounded tree, thus beginning a new infection center. Short-distance transmittal 
also can be accomplished by squirrels which feed upon the spore pads, then move on to 
adjacent healthy trees where they are known to chew young bark and callus tissue. It 
also might be possible, but perhaps less likely, that other animals (e.g., woodpeckers) 
could serve as occasional vectors. Human activities such as transporting infected wood, 
pruning during the growing season and/or using non-sterilized equipment, and wounding 
via careless operation of equipment are primary factors in spreading oak wilt.

Once established, the fungus proliferates throughout the vascular system of the affected 
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tree and is spread to adjacent trees 
via root grafts as well as the spore 
pads and animal vectors. Oak roots 
can extend in all directions for a 
distance far greater than the tree’s 
height, making root transmittal 
theoretically possible between 
mature trees up to 100 meters apart. 
As with Ulmus and Ophiostoma 
ulmi, this is the most consistent and 
effective method for enlargement of 
untreated infection centers. 

The development of infection 
in the spontaneous roadside trees 
at Starhill Forest initially went 
unnoticed until some of them began 
to die in 2009. By that time, the 
fungus had spread via root grafts to 
adjacent trees that formed part of 
the oak collection.

The first infected tree in the 
Arboretum died in 2008, without 
the cause having been identified. 
The following spring (2009), 
we first observed the putative 
successful fungus transmittal via 
root grafts from that first tree 
across three taxonomic sections: 
Cerris, Lobatae, and Quercus. The 
significance of this observation 
is that it makes control of this 
disease problematic even in 
genetically diverse oak groves with 
intersectional groups, such as exist 
in arboreta and in native forests via 
convergent evolution. These forest 
guilds might include, for example: 

Q. marilandica and Q. stellata on dry uplands; Q. rubra and Q. alba in mesic forests; or Q. 
bicolor and Q. palustris in wetlands. Thus we cannot rely upon any natural phylogenetic 
boundaries between oak species to limit the underground spread via root connections. 

Treatment procedures

After confirmation via lab culture to confirm the presence of the oak wilt fungus and 
rule out causes with similar symptoms such as Xylella fastidiosa bacterial scorch, we 
undertook quick informal consultations with phytopathologists, university extension staff, 
practicing arborists familiar with the disease, and the primary company in North America 

Figure 1/ Interrupting root grafts prior to tree removal.
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involved with treatment materials and applications, Rainbow Tree Care Scientific. Then 
we proceeded immediately with treatment. The first phase was to isolate symptomatic 
oaks from nearby healthy oaks. Realizing that symptomatic trees might have been 
infected for a considerable amount of time prior to presentation of symptoms, we made 
the assumption that apparently healthy trees immediately adjacent to symptomatic ones 
might already be infected.

To separate the root systems, trench lines were set up extending below lateral root 
depth (~80 cm in this soil) midway between the symptomatic trees and adjacent trees. 
Then secondary trench lines also were set up between these trees and the next layer of 
healthy trees. The symptomatic trees were isolated as a group within the inner trench, and 
the remaining trees were divided into small groups via cross trenching between the inner 
trench and the outer trench. Thus we could be able to save an individual oak or small 
group of oaks not yet infected between the inner and outer trenches. This might not be 
very important in a large forest plot, but it becomes critical in an arboretum where every 
tree might be unique and irreplaceable.  

Concurrently with the trenching, trunk injection was started, initially with generous 
volunteer technical assistance from the Rainbow Tree staff. The process we used, known 
as macro-infusion, involves pressure injection of Alamo fungicide (active ingredient: 
propiconazole) at a sustained pressure of 20 PSI into carefully drilled shallow holes in 

Photo 2/ Trenching to isolate root systems.
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the root flare at or near soil level. Placing the holes as indicated allows optimum dispersal 
of the treatment across the entire vascular system, whereas holes placed higher on the 
trunk would not. Using a very sharp drill bit is also critical in order to maintain cleanly 
cut, open vessels. 

Special plastic “T” pipes, with lateral holes that allow introduction of the fluid to the 
first and second outermost (active) annual rings, are inserted using a small mallet. Those 
Ts are interconnected via tubing, with one temporary opening, and run to a pressure tank 
filled with the recommended dosage for the tree based upon tree size (diameter). The 
line is then bled of air under low pressure, the valve is temporarily closed, the bleeding 
loop is connected, and full pressurization begins. When operating pressure is reached, 
the valves are opened. Each tree can require from 15 minutes to a full day for uptake, 
depending upon tree vigor, size, and transpiration conditions, so this procedure can take 
several weeks if many trees are involved (we treated more than 30 trees each time). All 
trees scheduled for treatment are double flagged and the treated tree has one flag removed 
upon completion so there will be no missed trees. Every tree within the trenched area that 
is not being removed is treated, as are the trees outside but adjacent to the outer-trenched 
area. If one of these trees has an incipient infection, the goal is to intercept that infection 
before it can move further into the tree or infect adjacent trees and before it can advance 
enough to compromise the vascular circulation that carries the fungicide. 

There is little reasonable chance of curing a symptomatic tree because the vascular 
system that would carry the fungicide has shut down already, causing the wilt symptoms. 
When a plant is stressed by drought or infection, tyloses (outgrowths on parenchyma 
cells of xylem vessels of secondary heartwood) fall from the sides of the cells and block 
the vascular system to prevent further damage to the plant. A tree that exhibits isolated 
wilt on one individual branch (flagging), caused directly by an above-ground vector 
infection rather than a systemic root infection, might be saved with immediate drastic 
pruning coupled with injection. The traditional protocol for doing this with Ulmus and 

Photo 3/ Oak wilt progression over three weeks in Quercus ellipsoidalis × rubra (L) and Q. mongolica 
(R).
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Ophiostoma ulmi is to prune the flagging tree at least 3 meters proximal to the innermost 
visible sign of cambial necrosis, using a sterile saw. We have not tested this technique 
here, but a similar protocol might be tried with early-symptom flagging section Quercus 
oaks that develop strong tyloses in their vascular systems. 

Once the trees have been trenched to separate all root connections, the trenches can be 
backfilled. The symptomatic trees are then removed and immediately burned or buried. 
In this case, “immediately” does not allow any time for a stray beetle to find the newly-
cut infected wood and spread the disease further. The wood is literally cut and thrown 
onto the fire without even hitting the ground. If this step is taken prior to trenching, a 
back-flush condition with root-flow reversal could infect adjacent root-grafted trees, so 
it is critical to follow the proper sequence when treating. Once a tree has been cut to 
stump height, the cut surface of the stump is sealed tightly and solarized under heavy 
black plastic to sterilize it and isolate it from beetle feeding. Before the chain saw is used 
elsewhere, the bar and chain are sterilized by running at idle speed through isopropyl 
alcohol. The alcohol can be left in the scabbard overnight with the saw hung bar down so 
the bar and chain are immersed. The sprocket must be heated sufficiently by engine heat 
to prevent any further risk, but we also use the running chain to spread alcohol onto this 
area of the saw. Bleach (5% sodium hypochlorite as a 10% solution in water) may also be 
used, but it is corrosive and can damage the saw.

Close observation of the infection center and surrounding trees is required for at 
least 24 months after treatment. Retreatment is recommended for early summer of the 
following year or the second year if there is any doubt that the disease was not completely 
eradicated. Since the injection process is an invasive one that wounds the wood, and the 
fungicide is very expensive, unnecessary retreatment is discouraged.

Conclusion

Starhill Forest’s oak collection numbers approximately 750 trees comprising 290 taxa 
– it is the most comprehensive PCN-certified living oak collection in North America. 
Table 1 lists the 10 trees lost following the two outbreaks of oak wilt.

Each of these trees was replicated elsewhere in the collection, fortunately. Still, the 
treatment process was expensive, exhausting, and disheartening. Had we not acted 
promptly, using every tool and technique available to us, the infections certainly would 
have continued and we would have lost at least 100 adjacent trees while fostering a 
massive infection center that easily could have spread to every other oak in the arboretum 
and the surrounding forest. 

This experience should reinforce in the minds of all oak managers the need for planting 
patterns that incorporate “firebreaks” of non-oak species. It also shows that vigilance 
in observation is crucial, especially in late spring and early summer when symptoms 
typically appear. It demonstrates the need to avoid pruning or wounding during the 
active-stage vector period if oak wilt is present within the potential flight distance of the 
vector. Any unavoidable growing-season cuts must be covered fully and immediately 
with a non-phytotoxic dressing, such as grafting wax, shellac, or exterior latex paint, to 
exclude vectors. One vector carrying one spore to one exposed fresh wound is all it takes 
to create disaster.
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NAME SECTION DATE

Q. ellipsoidalis × rubra Lobatae 2008 (first tree, first infection)

Q. ×subfalcata Lobatae 2009

Q. variabilis Cerris 2009

Q. mongolica Quercus 2009

Q. hartwissiana Quercus 2012 (first tree, second infection)

Q. buckleyi Lobatae 2013

Q. macranthera Quercus 2013

Q. liaotungensis* Quercus 2013

Q. serrata Quercus 2013

Q. ×rosacea Quercus 2013

Photographers. Title page: Guy Sternberg (treating Quercus velutina with propiconazole). Photos 1-3: 
Guy Sternberg.

Further reading
Several websites provide information about this disease and how to manage it. These include:
International Oak Society. www.internationaloaksociety.org
Minnesota Department of Natural Resources. www.dnr.state.mn.us
Oak Wilt Specialists of Texas. www.stopoakwilt.com
Southern Forest Health. www.southernforesthealth.net

International Oaks, No. 30, 2019

Table 1. Trees lost at Starhill Forest following two outbreaks of oak wilt. *Considered a synonym of Q. 
wutaishanica.
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ABSTRACT

Quercus arbutifolia, a native and vulnerable species of section Cyclobalanopsis with only 
five known populations in China, is suffering severe decline in population size. To increase the 
number of individuals for further conservation, a micropropagation protocol is investigated. 
Nodal segments were cut from 2-year-old-seedling shoots as explants for aseptic initiation 
culture. Woody plant medium (WPM) with 0.5 mg/L BA was optimal for budding initiation 
to produce initial shoots for further subculture of proliferation. WPM with 0.5 mg/L BA and 
0.02 mg/L IBA is suitable for subculture that can vigorously induce shoot regeneration. For 
rooting in vitro, WPM with 0.1 mg/L IBA and activated charcoal was suitable. Potting mix 
with 50% peat and 50% coarse perlite was recommended for greenhouse acclimatization.
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Introduction

Quercus arbutifolia of section Cyclobalanopsis, is a small, shrubby tree, native to 
montane cloud forests of subtropical China and southern Vietnam (Deng et al. 2011). 
Only five isolated populations, with great distances between them (130-1,000 km), 
and one population in Vietnam, have been identified. Most of these populations have 
experienced severe habitat degradation. At the same time, there is limited fruiting and 
recruitment. This species is thus qualified as “Vulnerable” according to the International 
Union for Conservation of Nature Red List Categories & Criteria. Therefore, both in-situ 
and ex-situ conservation methods should be enforced to guarantee the long-term survival 
of the species (Xu et al. 2016). 

Tissue culture is a useful biological technology to increase the number of individuals 
in the short term for further in-situ conservation. It is also widely used in ex-situ 
conservation. Micropropagation from shoot tips or nodal explants is an efficient way to 
proliferate shoots. Attempts have been made on many oak species, though oaks present 
many challenges especially when using explants from mature trees (Brennan et al. 2017). 
In-vitro tissue culture is also an important tool for oak-improvement breeding when it 
is combined with genetic transformation and other new genomic approaches (Vieitez 
et al. 2012). The seeds of Q. arbutifolia, like other oaks, are recalcitrant and difficult 
to store for raising future seedlings. Propagation success via cuttings of oaks is greatly 
reduced with the increasing age of the plants (Chalupa 1993). It is difficult to obtain well-
rooted plants by cuttings even from two-year-old seedlings of Q. arbutifolia. Thus, the 
object of this study is to optimize the tissue culture media for the different stages of the 
micropropagation process (shoot regeneration, shoot proliferation, rooting), to provide a 
practical protocol for the successful micropropagation of Q. arbutifolia.

International Oaks, No. 30, 2019

Photo 1/ Quercus arbutifolia
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Materials and methods

Plant material
Mature acorns of Q. arbutifolia were collected on October 9, 2011 from Meihua Mtn., 

Shanghang, Fujian province, China (25.35N, 116.83E) at 1,580 m elevation. Acorns 
were cleaned and kept at 4 °C in a refrigerator and were then sown in 32-cell plug 
trays in November 2011. The plug seedlings, 8-10 cm in height (Photo 2A), were then 
transplanted in plastic pots measuring 21 cm in diameter and 18.5 cm in height and grown 
under a shaded greenhouse for two years (Photo 2B). The shoots of 10-20 cm long from 
the second year’s new growth in spring were cut into single node segments in June 2013, 
and used for explants.

Initial aseptic culture establishment
Shoot segments with one node were used for initial sterile culture establishment. The 

nodal segments were sterilized by rinsing under running tap water for 1 h, immersed 
and shaken in 70% ethanol for 1 min, then soaked in 0.1% HgCl2 solution with 3 
drops of Tween 20 for 10 min. This was followed by rinsing in sterile, distilled water 
three times under aseptic condition. The sterilized one-node shoot segments were then 
placed on the different initiation media of WPM with different salt concentration and 
6-BA concentration. All the media contained 30 g/L sucrose and 6 g/L agar and were 
adjusted to pH 6.1, then autoclaved at 121 °C for 15 min. All culture jars were kept in an 
environmentally controlled growth room at 25 °C under a 12  h photoperiod with white 
LED lamps (PPFD 60 μmol·m−2·s−1). Induction of shoot organogenesis was investigated 
and compared after 4 weeks of culture.

Subculture for shoot proliferation
The first-generation in-vitro shoots from the same media were excised, and used as 

subculture explants. The shoots were cut above the callus and inoculated onto WPM 
supplemented with different concentrations of BA (0.25, 0.5, 1.0, 2.0 mg/L) and/or IBA 

Micropropagation of Quercus arbutifolia

International Oaks, No. 30, 2019

Photo 2/ Seedling of Quercus arbutifolia. (A) Seedling about 8 cm tall; (B)  transplanted in a 21-cm-
diameter and 18.5-cm-high plastic pot for 2 years. The spring shoots were cut to 10-20 cm long in June 
for nodal segments explant source. 
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(0, 0.02, 0.05 mg/L) (Table 1). The culture jars were placed under a 12-h photoperiod at 
PPFD 60 μmol·m−2·s−1. Each replication contained 50 explants in 5 jars. Subcultures were 
evaluated after 5 weeks, and the regenerated shoot number produced by each explant was 
observed and counted.

BA (mg/L) IBA (mg/L) Shoot no per explant Morphology of adventitious 
shoots and explants1st  

subculture
2nd  
subculture

3rd  
subculture

0.25 0 2.2±0.1d 3.6±0.3e 9.6±0.3b few loose callus

0.25 0.02 2.5±0.2d 4.2±0.2de 5.2±0.2c loose callus

0.25 0.05 3.4±0.1c 3.9±0.2e 4.8±0.3cd few loose callus

0.5 0 3.9±0.2bc 4.5±0.2d 5.3±0.2c compact callus

0.5 0.02 4.6±0.3b 4.7±0.3d 7.8±0.4bc few loose callus

0.5 0.05 4.1±0.1bc 6.3±0.2c 6.7±0.4bc few loose callus

1.0 0 3.7±0.3c 2.9±0.1f 3.2±0.1e mass loose callus

1.0 0.02 4.5±0.2b 7.8±0.4bc 8.8±0.5b mass loose callus

1.0 0.05 4.3±0.2b 10.8±0.6a 13.4±0.6a mass compact callus

2.0 0 5.8±0.4ab 9.3±0.3b 8.6±0.4b few compact callus

2.0 0.02 6.6±0.2a 11.8±0.5a 11.0±0.3ab mass compact callus, vitrified

2.0 0.05 6.2±0.4a 9.6±0.3b 11.0±0.3ab mass compact callus, vitrified

Significance

BA ** * *

IBA nsw ns ns

BA ×IBA * * *

Rooting in vitro and acclimatization
When the third-generation adventitious shoots reached over 2-3 cm in height, they 

were cut without callus and transferred to WPM supplemented with IBA (0, 0.05, 0.1 
mg/L), with or without activated charcoal. The shoots were incubated in culture jars for 
6 weeks. Root formation was investigated. The plantlets were then removed from the 
jars, the medium on the roots was gently washed away, and the plantlets transplanted 
into a 32-cell plug tray with potting mix consisting of 50% peat and 50% perlite. Trays 
with plantlets were kept in a low tunnel covered with plastic film in a shaded greenhouse 
with a maximum PPFD of 300 μmol m−2 s−1, at a temperature between 15 and 32 °C. 
After transplanting, all the trays were watered thoroughly and sprayed with fungicide 
(1 mg/L carbendazim solution). The plastic film was kept closed to maintain the relative 
air humidity above 90% during the first 10 days, and then the plastic film was rolled 
up at night but kept partly closed during the daytime for 5 more days. After that the 
plastic film was fully removed. The survival rates of plantlets were recorded 6 weeks 
after transplanting. 

Statistical analysis
Data were analyzed by two-way ANOVA using the SPSS Statistics 19 and means were 

separated using Duncan’s new multiple range test.

Table 1/ Effects of PGRs on adventitious shoot proliferation on WPM media. Means (±SE, n=6) followed 
by the same letter within a column are not significantly different (p≥0.05, Duncan's multiple range test). 
** indicates significant, p<0.01; * indicates significant, p<0.05; ns indicates not significant, p≥0.05. 
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Results and Discussion

Aseptic establishment and culture initiation
Woody plant medium has been shown to be efficient for the micropropagation of most 

Quercus plants (José et al. 2017). In this study, the first lateral bud emerged from the 
nodal segment on WPM with 2.0 mg/L BA after 12 days of inoculation. On average, 

Photo 3/ The micropropagation process of Quercus arbutifolia. (A) first lateral bud developed into 
young shoot on the initiation medium WPM with 0.5 mg/L BA; (B) shoot proliferation on subculture 
medium WPM with 0.5 mg/L BA and 0.02 mg/L IBA; (C) offshoots excised from the base (arrow) for the 
next subculture; (D) single shoot transplanted on rooting medium WPM with 0.1 mg/L IBA and 0.5% 
activated charcoal; (E) rooted plantlet after washing off the media; (F) rooted plantlets transplanted in 
32-cell tray with potting mix and acclimatized in a greenhouse. 
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7 buds were induced per explant. 
In contrast, the explants on 1/2 
strength WPM showed initial 
buds after inoculation for 52 days. 
The media salt concentration had 
significant effects on budding 
initiation period, while BA 
concentration had significant effects 
on the shoot number per explant. 
The interaction between WPM and 
BA concentration had remarkable 
effects on budding initiation time. 
Only 29.5% of explants generated 
new shoots with an average of 2 
new shoots per explant, but the 
regenerated shoots were more 
vigorous, not vitrified1 (Table 2). 
Though higher BA can induce more 
shoots, the health of the shoots is 

significantly lower. At the initiation stage of tissue culture, the health and vigor of the 
shoots are more important than the shoot number. Thus, we chose WPM with 0.5 mg/L 
BA at budding initiation stage to produce initial shoots (Photo 3A) for further subculture 
of proliferation.

Media BA (mg/L) Budding initiation 
period (d)

Shoot number per 
explant

Percentage of 
explant with 
shoots (%)

Shoot health 
acceptance

WPM 0.5 20±2b 2±0.1b 29.5%±0.2a 5

WPM 1.0 15±2c 3±0.4ab 42.4%±0.5a 4

WPM 2.0 12±2c 7±0.5a 31.8%±0.3a 2

2/3WPM 2.0 35±3ab 4±0.2ab 32. 6%±0.2a 1

1/2WPM 2.0 52±7a 6±0.4a 43.5%±0.5a 1

Significance

Media * ns ns -

BA ns * ns -

Media × BA * ns ns -

Shoot multiplication stage
In all three subcultures, the concentration of 6-BA significantly affected the shoot 

proliferation number per explant, while IBA had no significant impact, but their interaction 
significantly influenced the proliferation ratio (Table 1). It has been shown that other 
components such as sucrose concentration and agar brand affected shoot proliferation in 

1. Vitrification in in-vitro shoot cultures refers to a physiological malformation that results in excessive hydration 
low lignification, impaired stomatal function and reduced mechanical strength.

Photo 4/ Root generation on media of WPM with 0.1 mg/L 
IBA and with (A and B) or without (C and D) activated 
charcoal.

Table 2/ Effect of media and BA concentration on in-vitro establishment of Quercus arbutifolia.  
Means (±SE, n=6) followed by the same letter within a column are not significantly different (p≥0.05, 
Duncan's multiple range test). * indicates significant, p<0.05; ns indicates not significant, p≥0.05. The 
shoot health is ranked from 1 to 5. 
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Q. ilex (Martínez et al. 2017); this can be investigated with Q. arbutifolia in the future. 
Though higher BA concentration increases the shoot proliferation number per explant, 
2.0 mg/L BA also induced more compact callus and vitrified shoots. WPM with 0.5 mg/L 
BA and 0.02 mg/L IBA regenerated 4.6 to 7.8 shoots per explant. It was not the highest 
ratio, but the new shoots were more vigorous and without vitrification.

Rooting stage
Shoots of 2-3 cm in length from the third subculture stage were excised and placed 

on the rooting media. Rooting percentage was significantly improved when increasing 
IBA from 0 to 0.1 mg/L. Activated charcoal did not improve rooting percentage in this 
study, but remarkably increased the average number of roots and lateral roots per plantlet 
(Photo 4). José et al. (2017) have found that activated charcoal increased both the rooting 
percentages and secondary roots of Q. lusitanica. The beneficial function of activated 
charcoal is that it can adsorb toxic substances, including those exuded by regenerated 
shoots or decomposed by autoclaving (Martínez et al. 2015). Both IBA concentration and 
activated charcoal had a significant positive influence on survival rate after transplanting. 
The interaction between them did not have a significant influence on all the rooting 
percentages, average root number or survival rate (Table 3). In this study, the WPM with 
0.1 mg/L IBA and 5g/L activated charcoal generated the best result of 74% transplanting 
survival rate with a 47.3% rooting percentage and 3.8 roots per plantlet. The rooting 
percentage can be greatly improved by using a combination of IBA and NAA, which 
has been reported as yielding the highest rooting percentage in Q. suber (Lebtahi et al. 
2015). In Q. leucotrichophora and Q. glauca, 90% and 100% rooting percentages were 
achieved with a 24-hour 100 μM IBA treatment followed by transferal to 1/2 strength 
WPM without plant-growth regulator (Purohit et al. 2002), but this could be very labor 
intensive and present a higher risk of contamination.

IBA (mg/L) Activated charcoal 
(0.5%)

Rooting percentage 
(%)

Average root no. Survival rate after 
transplanting (%)

0 yes 26.1±1.2c 2.4±0.1b 36±4.2b

0.05 yes 35.5±2.1b 2.5±0.2b 67±7.8a

0.1 yes 47.3±3.9a 3.8±0.2a 74±5.2a

0 no 16.3±2.3d 1.3±0.2c 25±3.6c

0.05 no 31.1±1.9c 1.8±0.1c 28±4.1c

0.1 no 39.5±3.2ab 2.7±0.3b 43±3.5b

Significance

IBA * ns *

Activated charcoal ns ** *

IBA×AC ns ns ns

Conclusion

This is the first study to develop a simple, but practical and efficient micropropagation 
protocol for the vulnerable oak Q. arbutifolia via proliferation of axillary shoots (Photo 

Table 3/ Influence of different auxin concentrations and activated charcoal on rooting and plantlet 
survival. Means (±SE, n=6) followed by the same letter within a column are not significantly different 
(p≥0.05, Duncan's multiple range test). ** indicates significant, p<0.01; * indicates significant, p<0.05; 
ns indicates not significant, p≥0.05. 



224 International Oaks, No. 30, 2019

3), using only commonly available standard plant-growth regulators. The spring-flush 
shoots are good for explants. A WPM with 0.5 mg/L BA is optimal for budding initiation 
stage to produce initial shoots for further subculture of proliferation. A WPM with 0.5 
mg/L BA and 0.02 mg/L IBA is the best choice for subculture with vigorous regenerated 
shoots. For rooting in vitro, WPM with 0.1 mg/L IBA and activated charcoal is suitable. 
Potting mix with 50% peat and 50% coarse perlite is recommended for greenhouse 
acclimatization.
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ABSTRACT

The woody flora of the U.S. Southwest is rich with oaks, a northward extension of Mexican 
Quercus spp. that includes more than 240 species and thousands of interspecific hybrids.  

The ornamental U.S. nursery trade reliably offers many kinds of grafted oaks for the eastern 
half of the nation. In the West, however, oaks are not similarly popular as landscape plants, 
and nearly all nursery-grown Western oaks are propagated from seed.

Because our nursery propagates woody deciduous landscape species, we aim to make 
exceptional young ornamental oaks from the American Southwest consistently available for 
garden center customers. We propagate a wide variety of new selections of Southwest oaks in 
order to diversify our customer base and to lead the ornamental market for some of the best 
oaks from the American Southwest.

Among the most serious threats to oaks of the West is our rapidly warming climate and 
associated pest threats. Will oaks from 1,000-1,500 km further south in latitude be needed for 
the constructed landscape in order to tolerate a hotter, drier U.S. Western climate? Most agree. 
Oaks adapted to the Southwest offer not only great ornamental appeal, but economic benefits 
such as reduced fire danger for homeowners and office parks (less leaf litter), and lower 
maintenance costs for irrigation, pruning, disease or insect control. Few nurseries propagate 
more than a handful of seedlings or grafts of oaks of the American Southwest, an anomaly 
when one considers the tens of millions of residents of major urban areas of the West.

International Oaks, No. 30, 2019

Keywords: U.S. nursery trade, oak cultivars, Quercus macrocarpa, Quercus gambelii, 
Quercus ×undulata
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Introduction

We propagate oak rootstock (Quercus macrocarpa from North Dakota) and some 
ornamentally attractive Western oak species (Q. hypoleucoides and Q. buckleyi) from 
acorns. Ornamentally attractive oaks within highly variable natural populations are 
propagated by grafting to keep them uniform and predictable from season to season (which 
can not be done from acorns). All of our named selections are grafted using the hot-callus 
technique (Lagerstedt 1981) in wintertime, potted up after they heal successfully, and 
then sold as containerized young plants about 1-meter tall.  

While many will tolerate extreme winter lows (-29 °C), shallow, rocky, saline soils 
with pH above 8, and as little as 40 cm annual rainfall, they have proved to also thrive 
in artificial media of pH 6.5 in nursery container culture. Here in western Oregon our 
Mediterranean climate has wet winters, and annual rainfall of just over 100 cm. So 
Southwestern oaks’ adaptive climate flexibility has been essential to their survival over 
eons of time, especially since the retreat of Pleistocene Epoch glaciers that covered much 
of North America 10-15 thousand years ago. Extensive hybridization in Southwestern 
oak populations has apparently favored their survival and range expansion with some 
species currently found hundreds of miles from their origin.    

The genetic diversity in oaks of the American West and Mexico is breathtaking. 
Common oaks of the Eastern U.S.A. reach enormous size at maturity and are harvested 
from the wild to market as furniture, flooring and veneer. Whereas, oaks of the West are 
now cut for firewood only, or used sparingly for purposes such as wine-barrel staves. 

International Oaks, No. 30, 2019

Photo 1/ Quercus macrocarpa, one of the favorites for rootstock.
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Materials and methods

Given this unique oak opportunity, I contacted Dr. Allan Taylor, retired linguistics 
professor in Boulder (Colorado) and longtime International Oak Society member to inquire 
about visiting him and touring around to see oaks he has selected for superior ornamental 
appeal in the wilds of Colorado, western Oklahoma and New Mexico. Since that initial 
trip in 2015, Allan has annually provided our nursery with scions for grafting, seeds, and 
photographs in our joint effort to get clonally grown young plants into the nursery trade. 
We now have select “mother trees” in Oregon nursery “mother blocks’ from which to 
harvest scions. We have these first named tree selections in evaluation at various nurseries 
in Oregon and California. They’re sold and tagged with the trademarked name Southwest 
Heritage Oaks™

We grow hardy, drought-resistant and high-pH tolerant Q. macrocarpa seedlings from 
North Dakota wild-seed source as our choice understock, since section Quercus oaks do 
not generally exhibit the graft incompatibility that so frustrates grafters of section Lobatae 
oaks. With few exceptions, this was an auspicious choice, verified by our high success rate. 
We’ve been pleasantly surprised how well these selections adapt to western Oregon’s wet 
winter climate, artificial container media of pH 6.6 and abundant rainfall. All our chosen 
selections harden off well in autumn and show almost no resentment at being removed 
from their native range. Their adaptive capacity is remarkable, care ranging from benign 
neglect in nature, to being meticulously cared for in a wholesale nursery. We have seen no 
disease threats or insect pests in our Oregon nursery so far. There will always be naturally 

Making Southwest U.S. Oak Cultivars Available
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Photo 2/ Quercus hypoleucoides
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occurring galls that require explanation to retail clients in a garden center.
Prominent among our selections are naturally occurring hybrids of complex genetics 

that distinctly favor distant Q. macrocarpa parents. When Q. gambelii is the apparent 
dominant parent, these are lumped all together into the extremely variable taxonomic 
“swarm” referred to as Q. ×undulata. Other species that cross with Q. gambelii where 
their populations overlap in the wild include Q. arizonica, Q. turbinella, Q. havardii, 
Q. muehlenbergii, Q. mohriana, Q. grisea and possibly Q. pungens or Q. oblongifolia 
(Tucker 1961; Allan Taylor, pers. comm.). After millennia of speciation, natural selection 
is still at work before our eyes in the wild at sites widely different in latitude and elevation, 
soil and climate types. Like orchids, they occur in the wild in exceptionally beautiful 
variety. For oaks, this variety is as notable in leaf and bark character as it is in size at 
maturity, habit, acorn morphology, etc.    

The “species complex” concept (Q. ×undulata, for example) clearly reflects the 
complexity of oak phylogeny and the difficulties this implies for oak taxonomy. The range 
of leaf character and mature size defies succinct, confident description of phenotypic traits. 
Surely, however, with less expensive genetic testing and more research, the taxonomy of 
American and Mexican oaks promises intriguing new knowledge and insight for oak 
lovers and the “oak family tree” in the years ahead.

Southwest Heritage Oaks™

These selections are from wild-collected sources, mostly from grasslands and seasonal 
creek canyons in southeastern Colorado, western Oklahoma, and northeast New Mexico. 

Photo 3/ Heritage Seedlings & Liners, Inc.
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Annual rainfall averages 45-60 cm and most of the region has shallow, rocky soils of 
considerable slope.  Summer daytime temperatures can exceed 38-40 °C for weeks. 
Winter lows can plunge rapidly from relatively warm conditions above freezing to -29 
°C (USDA Zone 5). Soil pH can be as high as 8.5. Most selections were collected at an 
elevation of 1,500 -1,800 m.

A. Quercus gambelii × macrocarpa. We offer 3 medium-sized selections, ‘Westward 
Ho!’, ‘Estelle’ and ‘Jack Maze’. They have deeply lobed leaves that enhance the attractive 
leaf character of each parent. They have consistently handsome, scaly bark and are of 
variable mature height across their range in the foothills and mountain areas of southern 
Colorado. The taller specimens found in the deeper soils of low canyons show more Q. 
macrocarpa characeristics, whereas the tougher constitution of Q. gambelii hybrids is 
evident among populations of the shorter, clumping sorts at higher elevation on drier 
sites. Tim Buchanan’s excellent paper (2005) notes that Q. macrocarpa does not now 
occur in Colorado, but the natural hybrids between this species and Q. gambelii remain 
south of Denver, relics of their past sympatric pre-Pleistocene distribution. His paper 
elucidates the complex taxonomy of Q. gambelii and its putative hybrids in the regions 
of SE Colorado, northern New Mexico and extreme western Oklahoma. It is fascinating 
reading, a tribute to Tim and his intriguing subject. Four years later, he and Allan Taylor 
jointly authored an update on the subject (Taylor and Buchanan 2009). These publications 
are required reading for anyone attempting to understand this complex of oaks.

1.  ‘Westward Ho!’ (new cultivar) commemorates the westward migration of 
American settlers from the East, just as Q. macrocarpa, occurring predominantly 
in the East, extended its pre-Pleistocene range east of the Rockies; now naturally 
occurring only as far west as Crook County in the Black Hills of extreme northeast 
Wyoming (Hightshoe 1988). ‘Westward Ho!’ has deeply lobed, palm-sized 
leaves that turn apricot in fall. Strong Q. gambelii heritage, mature stature to 10-
12 meters; naturally clumping wild character. This ornamental selection is offered 
as single-trunked for the constructed landscape by virtue of our grafting it onto Q. 
macrocarpa, of consistently single-trunked habit.  

2. ‘Estelle’ (new cultivar) combines reddish autumn foliage, deep lobes, and leaf size 
less than half (5 cm × 12 cm) that of ‘Westward Ho’. Its mature size is also about 

Photo 4/ Quercus ‘Westward Ho!’
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10 m, and almost as wide. With such 
a small leaf, it’s a refined plant that 
the connoisseur homeowner would 
appreciate. Excellent for street-
tree planting, given its relatively 
small stature and reduced leaf 
litter compared to other urban oak 
options.

3. ‘Jack Maze’ (new cultivar)
is naturally a single-trunked tree 
collected from Baca County, 
Colorado at 1,500 m elevation. 
Much taller than either ‘Estelle’ or 
‘Westward Ho’, its 10-cm leaves 
are dark green above, notably 
lighter green beneath, deeply and 
narrowly lobed. Butter-colored 
autumn foliage set against deeply 
fissured dark gray bark make this an 
exceptionally attractive specimen 
tree adapted to almost any location 
in the West. Named in honor of the 

Photo 6/ Quercus ‘San Lorenzo’

Photo 5/ Quercus ‘Jack Maze’
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Canadian botanist who first documented extensive hybridization of Q. gambelii 
and Q. macrocarpa in his late 1960s fieldwork in northeast New Mexico.

B. ‘San Lorenzo’ (new cultivar; likely a hybrid of Q. grisea and Q. turbinella, with 
frequent back-crosses that have favored Q. grisea) is distinct, having leaves of light 
green when they emerge, but quickly turning to powdery blue-green. Rounded oblong 
leaves without lobes, often only 3 cm wide × 7 cm long. It is evergreen, in contrast to the 
above selections. It was collected from the Black Range in Grant County New Mexico, 
between Truth or Consequences and Silver City, elevation 1,800 m. 

C. Quercus ×undulata. Many in this complex have bluish green-gray foliage in 
midsummer like ‘San Lorenzo’ (RHS Color Chart blue-green 119 B-C). Leaves are 
late deciduous to semi-evergreen. They are much shorter than those of Q. gambelii × 
macrocarpa hybrids and of shrubby, spreading, multi-stem habit in the wild. Our grafts 
on Q. macrocarpa are of single-stem character, making them more manageable in the 
constructed landscape. Two of our favorites, ‘Toll Gate Canyon’ and ‘Mesa de Maya’, 
both Allan Taylor selections, are fully described in International Oaks No. 24 (Jablonski 
2013). 

D. Quercus ×pauciloba. Another Allan Taylor selection, ‘Dolores River’ is described 
in detail in this volume (Russel and Jablonski, pp. 219-226).

Photos 7a-b/ Quercus ‘Mesa de Maya’

a b
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Photographers. Title page: Allan Taylor (‘Mesa de Maya’). Photos 1, 2: Béatrice Chassé. Photo 3: Mark 
Krautmann. Photos 4-8: Allan Taylor.
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ABSTRACT

New plants help fuel the growth of the green industry but nursery professionals must 
balance new plants with the public’s, often slow, acceptance of the unknown. Entirely new 
genera often need a longer learning curve before the public accepts them. The public accepts 
familiar genera, such as Quercus, more readily even when the species are novel to them. The 
present paper presents some considerations on the performance, propagation, and growing 
requirements of several Asian evergreen oaks such as have been observed at the JC Raulston 
Arboretum in North Carolina (U.S.A.). 
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Introduction

Evergreen Quercus offer the nursery industry a group of plants that fit many needs of 
the public. They offer year-round interest, typically form medium-sized trees suitable 
for suburban landscapes although some are shrubby, are generally easy to grow, and are 
from a familiar genus. Due to their limited hardiness, they will be relegated to warmer 
Southeastern gardens, mostly zone 7b and warmer. Several species are currently available 
in small numbers from specialty nurseries and provide opportunities to acquire plants for 
use as propagation stock. The JC Raulston Arboretum has been evaluating evergreen oaks 
since 1976, especially those in section Cyclobalanopsis for suitability for Southeastern 
United States landscapes.

Nature of work

The JC Raulston Arboretum (JCRA) evaluates a wide diversity of woody plants for 
suitability to the central piedmont region of North Carolina and the broader southeastern 
United States. Quercus has been an important component of the collections of the JCRA 
since its inception in 1976. The first plant installed by J.C. Raulston when establishing 
the Arboretum was Q. robur f. fastigiata. In recent years, evergreen and semi-evergreen 
species have gradually been accumulated through wild collections and from cultivated 
material to add to the existing specimens that pre-dated the Arboretum. Many of these 
Quercus are poorly understood and rarely grown in Western gardens but may be suitable 
for wider use throughout the Southern United States.

EVALUATED TOO YOUNG TO EVALUATE

Quercus acutifolia Née

Quercus canbyi Trel. Quercus alnifolia Poech

Quercus crassifolia Bonpl. Quercus castanea Née

Quercus durata Jeps. Quercus ×dysophylla Benth.

Quercus germana Schltdl. & Cham. Quercus emoryi Torr.

Quercus hypoleucoides Camus Quercus gilva Blume

Quercus ilex L. Quercus greggii (A. DC.) Trel. 

Quercus inopina Ashe Quercus guyavifolia H. Lév.

Quercus phillyreoides A. Gray Quercus look Kotschy

Quercus polymorpha Schltdl. & Cham. Quercus rysophylla Weath.

Quercus pungens Liebm. Qurcus sadleriana R. Br. ter.

Quercus rugosa Née Quercus sessilifolia Sieb. & Zucc.

Quercus sartorii Liebm. Quercus stenophylloides Hayata

Quercus turbinella Greene Quercus suber L.

The genus Quercus in the family Fagaceae comprises 400-600 species with new 
species and naturally occurring hybrids being described with some regularity (Bean 1976; 
Grimshaw and Bayton 2009; Nixon 1993; Soepadmo 1972; Stevens 2001). The genus 
ranges across North America south through Central America to Columbia, Europe, North 
Africa, and Asia where it crosses into the Southern Hemisphere (Bean 1976; Quercus 

International Oaks, No. 30, 2019

Table 1/ On the left, evergreen and semi-evergreen Quercus species from all sections that have survived 
medium to long term (>5 years) at the JC Raulston Arboretum, and, on the right, those that are as yet 
too young to be evaluated.
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Portal; Soepadmo 1972). The center of diversity is in southern Mexico where the genus 
is undergoing active speciation (Nixon 2006). Where species overlap throughout their 
native ranges or in cultivation there can be considerable hybridization. These factors 
make oak taxonomy difficult at best. 

Past classifications have admitted more or fewer genera and sections within the genus. 
For example, Menitsky (2005) divides subgenus Cyclobalanopsis into eight sections. 
Today, since the publication of Denk and Grimm (2017), the most widely accepted 
classification system divides the genus into two subgenera (Cerris and Quercus). The 
former is split into three sections (Cyclobalanopsis, Cerris, and Ilex) and the latter into 
five (Ponticae, Virentes, Quercus, Lobatae, and Protobalanus).

Results and discussion

Nineteen taxa from the Cyclobalanopsis section are currently growing in the JCRA 
collection. The Cyclobalanopsis show the greatest potential for use as mainstream 
landscape trees in the Southeastern United States and brief information on the habit, 
propagation, and hardiness as presently known is included below. Propagation of oaks 
by means other than seed is difficult at best for most species although Asian oaks in this 
section show varying degrees of suitability for cutting production. Most other evergreen 
oaks root with difficulty or not at all. 

Section Cyclobalanopsis

Quercus acuta Thunb.1

An evergreen tree to 12 m from 
Japan, South Korea, and Taiwan. 
Leaves emerge with a brownish 
pubescence before becoming 
glossy, dark green and leathery, 
to 20 cm long and about ¹/3 to ½ 
as wide with no lobes or teeth, an 
undulate margin, and an acuminate 
tip. Q. acuta was introduced to the 
West by Charles Maries in 1878. It 
is one of the hardiest evergreen oaks 
from Japan making a handsome tree 
with smooth gray bark. Our plant 
was received from the US National 
Arboretum in 1994 and is now 9 m 
tall. It is generally listed as a zone 
8 plant but with its distribution, 
hardiness is likely dependent on 
provenance. Our plant has proven 
to be reliable in zone 7b at least. 
Reports indicate that summer 
moisture is necessary for adequate 

1. Bean 1976; Dirr 1998; Hogan 2008; Jacobsen 1996; Krüssmann 1984; Menitsky 2005; Ohwi 1985.
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Photo 1/ Quercus acuta
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growth, typically not a problem in the Southeastern U.S. Propagation by sowing fresh 
seed is easy, softwood cuttings, just past the tender-wood stage can be rooted using 1000 
ppm KIBA (pers. observation) and reports indicate dormant cuttings under mist with 
bottom heat and medium levels of hormone root in as little as 3-4 weeks. Most species in 
the subgenus can be rooted using similar methods.

Quercus glauca Thunb.2

Along with Q. myrsinifolia, with which it is often confused in the trade, Q. glauca is 
the most common evergreen Asian oak found in Western gardens. It has a relatively wide 
distribution across East Asia from Japan and Taiwan across South China to the Himalaya 
below 1,525 m. In the garden, it forms an upright pyramidal to conical crown growing 
to 9 m at maturity although trees can ultimately grow to twice that height. The foliage of 
Q. glauca grows to 15 cm long at most and is elliptical to obovate with an acuminate tip 
and coarse serrations or teeth along the distal ½−²/3 of the leaf. New foliage emerges with 
a light silky pubescence and waxy coat for a bluish to purplish character which becomes 
medium green to blue-green as the season progresses. With the typical summer moisture 
and heat of the Southeast, Q. glauca performs very well. It is reliably hardy to zone 8 and 
there are many plants growing happily in zone 7 gardens. Grow in full sun to part shade. 
The JCRA plant predates the Arboretum so its source is unknown. In 1985 the record 
low for Raleigh, NC, -16 °C killed the established tree to the ground. It subsequently re-
sprouted and is growing now as a multi-stem tree over 12 m tall. In drier locations and 
windy spots the leaves can yellow somewhat, a sign that supplemental water is needed. 

Quercus longinux Hayata3

This endemic Taiwanese tree is sometimes listed as a subspecies of the similar Q. glauca 
but is generally recognized to be distinct. In its native habitat in broadleaved evergreen 
forests of Taiwan below about 2,500 m it can grow to 15 m often with the smooth, gray-
barked trunk rising branchless to ²/3 of the total height (pers. observation). In the landscape 
expect a 10 m upright oval to round-headed tree. Foliage is similar to Q. glauca, growing 
to 13 cm. The JCRA plant was received from the Taiwan Forestry Research Institute 

index seminum in 2001 and is now 
over 6 m tall growing in sun and 
rich soil. 2014 winter temperatures 
of -13 °C caused significant tip 
dieback so this plant will likely be 
relegated to zone 8 gardens. Fresh 
seed germinates readily. We have 
not attempted cutting propagation to 
date, but based on its close affinity 
to the Q. myrsinifolia/glauca group, 
it may root with bottom heat, mist, 
and medium to high hormone levels.

2. Bean 1976; Dirr 1998; Hogan 2008; Huang 1996; Jacobsen 1996; Krüssmann 1984; Menitsky 2005; Ohwi 1985; Wu 
et al. 2008.
3. Grimshaw and Bayton 2009; Huang 1996; Menitsky 2005; Wu et al. 2008.

Photo 2/ Quercus longinux
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Quercus morii Hayata4

This rarely encountered 
Taiwanese endemic grows to 30 
m in its habitat often forming pure 
stands at relatively high elevations 
of 2,400 m. Shiny lanceolate to 
oblong leaves can grow to about 10 
cm long and 5 cm wide but are often 
half that width. The distal end of the 
leaf is serrate and the margins often 
revolute. New growth often has a 
bronzy cast. Few plants are found 
in Western landscapes and most of 
those are quite young. The JCRA 
plant was received from the Taiwan Forestry Research Institute in 2011 but has not been 
grown long enough to evaluate. Plants from the highest elevation should prove hardy to 
zone 8 at least.

Quercus myrsinifolia Blume5

This Asian evergreen has proven 
to be one of the best for Western 
gardens, performing well in both 
droughty West Coast U. S. landscapes 
and wetter Southeastern gardens. It 
forms a medium tree to 10.5 m in 
the garden although trees can be 
twice as tall in the wild. It typically 
grows with a somewhat narrow 
crown eventually broadening to a 
rounded or gumdrop-shaped head. 
The foliage is about 12.5 cm long, 
relatively narrow with a long drip 
tip and serrations along the edges. 
Perhaps its most striking attribute is 
the coloration of new growth which 
ranges from burgundy to near black before turning deep green with a bluish tinge. Mature 
trees have been known to survive temperatures well below -18 °C although its wide 
native range indicates hardiness may be affected by provenance. Acorns are produced on 
very young trees, often after as little as five seasons (pers. observation). There are several 
variegated clones which are grafted on seedlings including the cream-margined ‘Fun 
Fun’, and an unnamed clone with a pure white flush of new growth (pers. observation). 
Trees planted in full sun will develop a very uniform habit and make excellent street 
trees. Plants tolerate relatively heavy shade but growth is slower and quite open. Two 
plants at the JCRA have performed well for many years, one for over 25 years.

4. Grimshaw and Bayton 2009; Huang 1996; Menitsky 2005; Wu et al. 2008.
5. Bean 1976; Dirr 1998; Hogan 2008; Huang 1996; Jacobsen 1996; Krüssmann 1984; Menitsky 2005; Ohwi 1985; Wu 
et al. 2008.

Photo 3/ Quercus morii

Photo 4/ Quercus myrsinifolia; unnamed clone with a pure 
white flush of new growth.
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Quercus salicina Blume6 

This evergreen oak grows to 18 m in the wild, perhaps ²/3 that height in cultivation. 
It is found in Japan, North and South Korea. It bears lanceolate foliage to 9 cm long 
which is sharply serrate along the distal half. It is reportedly hardy only to zone 8, but 
germplasm from North Korea likely will prove much hardier. Plants have been growing 
in the Piedmont of North Carolina for at least a decade (pers. observation) and a specimen 
has grown well in an exposed location for 9 seasons at the JCRA and is now over 8 m tall. 
Propagation should be similar to other oaks in subgenus Cyclobalanopsis.

Photographers. Title page: Béatrice Chassé (Quercus glauca). Photos 1-4: Mark Weathington (JC 
Raulston Arboretum at NC State University).
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ABSTRACT

Oak woodlands and oak-forested lands are California’s primary old-growth resource, 
integral to the ecological and cultural fabric of the state, and covering approximately one 
tenth of its landmass. These oak ecosystems are disappearing, especially those that grow at the 
interface of urban, agricultural, and wilderness environments. Oaks are threatened by urban 
sprawl, over-grazing, agricultural business expansion, systemic drought, invasive grasses, 
disease, and wildfire – pressures that are exacerbated by the impacts of climate change. 
California has lost more than a million acres of oak-related lands in recent decades, with 
an estimated 20 percent of the state’s oak landscapes facing development threats by 2040. 
These losses, combined with fire, which is causing net emissions from California’s natural 
areas, make it imperative that oak tree protections are strengthened. California’s statewide 
oak protections are limited, with county-level protections highly variable. Yet, the state’s 
climate laws, combined with the California Environmental Quality Act (CEQA), are legal 
tools that provide an approach to keep oaks standing and to mitigate their loss. The California 
Oaks program – formerly, the California Oak Foundation (COF) – at the California Wildlife 
Foundation, and its California Oaks Coalition partners, are utilizing the state’s ambitious 
legislation and goals for the reduction of greenhouse gas emissions to challenge conversions 
of oak woodlands and forests.
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Environmental and cultural attributes

Oaks are California’s primary old-growth resource, serving important environmental 
and cultural roles, as summarized below.

Carbon sequestration
It has been estimated that 675 million metric tons of carbon are stored in oak woodlands 

and in oak-forested lands (Gaman 2008). This translates into 325 million metric tons in 
live trees and 350 million in understory vegetation, downed woody material, and soil 
horizons. (The calculations include approximately 101 million metric tons associated 
with Notholithocarpus densiflorus, a species that is in one of the other genera in the 
family Fagaceae.) 

Watersheds
Oaks provide cooling shade to waterways and control erosion. More than two thirds 

of California’s drinking water flows through oak woodlands and oak-forested lands 
(O’Geen 2010). Oaks are also well adapted to California’s current climate. Many are 
drought-tolerant, with deep roots that access groundwater resources, hyphae that extend 
into the granite matrix, and symbiotic mycorrhizae that access nutrients and soil moisture 
(Allen 2014).

Habitat
Oak woodlands provide food and critical habitat for California’s native species, 

including 2,000 plants, 5,000 insects, 80 amphibians and reptiles, 160 birds, and 80 
mammals – many of which are listed as threatened, endangered, or are species of special 
concern, at the state or federal level (Meadows 2007). Davis et al. (2016) describe oaks 
as a “foundation species”, using Ellison et al.’s definition of such a species as “...one 
that ‘controls population and community dynamics and modulates ecosystem processes,’ 
whose loss ‘acutely and chronically impacts fluxes of energy and nutrients, hydrology, 
food webs, and biodiversity.’”

Culture
Many oak woodlands and oak-forested lands are sacred. Acorns continue to serve an 

important nutritional, medicinal, and cultural role for native peoples who historically 
managed oak woodlands through manipulation of fire and plant populations to increase 
acorn production and improve wildlife habitat quality. Carol Rice (2018) cites Scott 
Stephens and Bob Martin, noting they “estimated how many acres burned prior to 
European settlement by determining how many acres of each vegetation type there is in 
California, and its typical fire return interval through fire-scar analysis. They came up 
with almost 13 million acres of woodlands.”

Trends and threats impacting California’s oak landscapes

It has been estimated that 20 percent of the state’s oak woodlands will face development 
threats by 2040, and that one million acres were lost in the prior 7 decades (Gaman et 
al. 2006). Giusti et al. (1993) estimated a greater rate of loss, reporting that from 1945 
to 1973: “Approximately 900,000 acres of oak woodlands were cleared in rangeland 
improvement projects. An additional 100,000 acres were cleared for reservoirs, roads, 
powerlines, and residential and commercial development.” 

In California, five species of oak have been evaluated as “Threatened”: Quercus 

International Oaks, No. 30, 2019



241

cedrosensis, Q. dumosa, Q. engelmannii, Q. pacifica, and Q. tomentella; and four as 
“Near Threatened”: Q. lobata, Q. palmeri, Q. parvula, and Q. sadleriana (Jerome et al. 
2017). 

Current threats include habitat fragmentation and land conversion; disease; higher 
temperatures associated with climate change; water stresses associated with drought, 
groundwater extraction, and water diversions; herbivory, which impacts reproduction, 
especially of Q. douglasii and Q. lobata; altered fire regimes; and invasive grasses. These 
threats often combine, placing great stress on oak ecosystems.

Alongside trends associated with dropping carbon sequestration on California’s natural 
lands, these threats point to the need for stronger protections for oaks. Battles et al. (2014) 
discuss the impact of land conversion on carbon sequestration: “Between 2001 and 2008, 
the total carbon stored in the forests and rangelands of California decreased from 2,600 
million metric tons of carbon (MMTC = 106 MgC) to 2,500 MMTC… Aboveground live 
carbon decreased ~2% … and total carbon decreased ~4%... most carbon losses occurred 
from conversion of forest to other natural lands (mainly grasslands) and to human lands 
(mainly agricultural land).”

Further, California’s natural areas have been determined to be net emitters of carbon. 
Focused on emissions from natural areas (defined as forest and other terrestrial ecosystems, 
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Photos 1/ Four of California’s endangered oaks: (a) Quercus sadleriana (near Happy Camp); (b) Q. 
pacifica (Santa Cruz Island); (c) Q. tomentella (Santa Cruz Island); (d) Q. dumosa (Torrey Pines State 
Park).
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excluding agricultural and urban areas), Gonzalez et al. (2015) explain the genesis of the 
problem. “The disproportionate share of the state carbon-stock decrease from burned 
areas demonstrates the importance of wildfire in the carbon balance of California 
ecosystems. This importance originates in the vast extent of fire-dependent forest and 
shrub ecosystems across the state and the recent history of fire management. A century of 
government policies of complete fire suppression have depressed fire frequencies below 
natural levels and caused substantial accumulations of biomass and dead matter that can 
serve as fuel.”

Oak protections 

Most oaks are not designated as commercial species, thus they do not receive 
California’s Forest Practices Act (FPA) protections. FPA requires a Timber Harvest 
Plan, a complex discretionary permit that acts as an Environmental Impact Report under 
California Environmental Quality Act (CEQA). The California Oak Foundation (COF) 
sponsored two bills (summarized below) to bring greater protections to oaks after an 
unsuccessful petition to California’s Board of Forestry to include oaks in FPA. 

Assembly Bill (AB) 242 (Thompson 2001) authorized the establishment of the 
Wildlife Conservation Board’s Oak Woodland Conservation Fund for counties with oak 
management plans, defined as “a plan that provides protection for oak woodlands over 
time.” The legislation defines an oak woodland as “an oak stand with a greater than 10 
percent canopy cover or that may have historically supported greater than 10 percent 
canopy cover.”

Senate Bill (SB) 1334 (Kuehl 2004) brought the conversion of oak woodlands, with a 
number of exceptions – including conversions on agricultural lands, under the purview 
of CEQA, “…a statute that requires state and local agencies to identify the significant 
environmental impacts of their actions and to avoid or mitigate those impacts, if 
feasible.”1 SB 1334 mitigates oak woodland loss through the use of easements, planting 
and maintenance of replacement oaks for a 7-year period, contributions to the state’s Oak 
Woodlands Conservation Fund, and other mitigation approaches developed by counties. 
The legislation defines “oak” as a native tree species in the genus Quercus, not designated 
as Group A or Group B commercial species pursuant to regulations adopted by the State 
Board of Forestry and Fire Protection…and that is 5 inches or more in diameter at breast 
height. County governments are charged with determining thresholds of significant 
environmental impacts, “…to determine whether a project in its jurisdiction may result 
in a conversion of oak woodlands that will have a significant effect on the environment, 
and would require the county, if it determines there may be a significant effect to oak 
woodlands, to require one or more of specified mitigation alternatives to mitigate the 
significant effect of the conversion of oak woodlands.”

California oaks and climate change

California Oaks – formerly the COF, now a program of the California Wildlife 
Foundation – initiated the California Oaks Coalition to organize and foster partnerships 
between state, local, and regional organizations to keep oaks standing. California’s 
ambitious climate change goals and legislation are an integral part of this effort. 

1. For the complete text see, http://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=200320040SB1334 
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The state’s 2030 greenhouse gas (GHG) reduction goals include a shift to 50 percent 
renewable energy, a 50 percent reduction in petroleum use in vehicles; a doubling of 
energy efficiency savings at existing buildings; carbon sequestration in the land base; the 
reduction in short-lived environmental pollutants; and measures to safeguard California 
from climate risk.2

SB 32 (Pavley), enacted in 2016, extends and builds upon the provisions of the 
California Global Warming Solutions Act of 2006 (AB 32, Pavley), by directing the Air 
Resources Board (ARB) to ensure that statewide GHG emissions are reduced to at least 
40 percent below the 1990 statewide emissions level by December 31, 2030. 

SB 1383 (Lara  2016) requires the ARB to approve and begin implementing a 
comprehensive strategy to reduce emissions of short-lived climate pollutants (SLCP) to 
achieve a reduction in methane by 40 percent, hydrofluorocarbon gases by 40 percent, 
and anthropogenic black carbon (soot) by 50 percent below 2013 levels by 2030. SLCP 
reductions are considered a way to make important progress toward reducing GHGs 
while providing health benefits through the reductions of harmful particulates in black 
carbon that promote cardiovascular disease and lung cancer.

CEQA § 15364.5 states that “Greenhouse gas” or “greenhouse gases” includes but is not 
limited to: carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons, 
and sulfur hexafluoride. SB 1383, discussed above, designates percentage reductions in 
SLCPs as well. Neither the 2009 CEQA GHG amendments nor the enabling legislation, 
SB 97 (Dutton) (which authorized the development guidelines for mitigation), mention 
the term “carbon sequestration.” CEQA’s sole focus is “the mitigation of greenhouse 
gas emissions or the effects of greenhouse gas emissions.” Net present value of GHG 
emissions forms the foundation of the state’s greenhouse gas reduction objectives, 
as well as the California Forest Protocol preservation standards. Every ton of carbon 
dioxide (CO2) released into the atmosphere by oak woodland or forest conversion – 
alongside the loss of the woodland’s or forest’s role in carbon sequestration – represents a 
measurable, potentially adverse, environmental effect, which is covered by CEQA. Thus 
California requires the analysis and mitigation of greenhouse gas emissions associated 
with proposed oak woodland or forest conversions.

The California Oaks Coalition member Rural Communities United (RCU) is testing this 
law in El Dorado County, which adopted very weak oak protections in 2017. RCU argues that 
the county’s environmental assessment of GHG impacts of the oak measures must include 
GHG impacts of conversion of oak woodlands and oak-forested lands to agricultural uses. 

The California Oaks Coalition is also advocating for the inclusion of oaks in 
statewide climate-planning efforts for natural and working landscapes. For example, 
through comments on the California 2030 Natural and Working Lands Climate Change 
Implementation Plan Concept Paper, which emphasized the importance of oak restoration 
but not oak conservation, despite the extensive evidence of the importance of standing 
oaks in carbon sequestration.

Concluding thoughts

As the impacts of climate change worsen it is imperative that California’s oak 
woodlands and oak-forested lands are protected. California Oaks welcomes ideas to 
continue the dialogue about legal tools to keep oaks standing.

2. California legislation was recently enacted with the goal of 100 percent renewable energy by 2045.
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Photo 2/ And A River Runs Through It
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ABSTRACT

What role will oaks play in the urban landscapes of the future? Currently, over half of the 
global human population lives in urban areas, and some projections anticipate that this will 
increase to two thirds by 2050. Trees are vital to enhancing the quality of life in cities, as 
they provide many environmental, economic, and sociocultural benefits. Yet to provide these 
benefits in a substantial way, urban trees need to grow well and survive for long periods. 
Unfortunately, trees surrounded by pavement are usually short-lived. Some studies have 
found the average lifespan of city street-trees to be as low as 10 years. Elevated temperatures, 
drought, and degraded soils are just a few of the reasons for their early demise. These challenges 
have led to a diversification of the trees planted in cities, yet the species utilized should still 
be tolerant of stressful urban conditions. Matching a tree species to the environment of the 
planting site is key to success. As a genus, Quercus is often underrepresented in cities (at least 
in the Northeastern United States). When oaks do compose a considerable proportion of the 
urban forest, it is usually only with a few species of Quercus. This is surprising, as the genus 
is so large and diverse, and oaks in general often have the reputation of being stress-tolerant. 
So why aren’t oaks better represented in urban tree plantings? And how can quercophiles 
encourage the greater use of oaks in future urban landscapes?
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Introduction

Trees can greatly enhance the quality of life in our cities and towns, and the many 
environmental, economic, and sociocultural benefits they provide have been well 
documented (Nowak and Dwyer 2007). Because of this, a growing number of cities in 
the United States, including Los Angeles, Houston, and New York City, are undertaking 
initiatives to plant one million new trees, and Sacramento has a regional campaign to 
plant five million new trees. For these cities to see a return on their investment in these 
planting programs, the newly planted trees must survive and grow, as larger trees provide 
substantially increased benefits. Unfortunately, not all tree species are well suited to the 
many challenges commonly found in urban landscapes.

The trees growing in our cities 
and towns routinely face several 
challenges. They often encounter 
several soil-related issues, such as 
compaction, nutrient imbalances 
and deficiencies, and inadequate soil 
volumes. Highly alkaline soils are 
common, even in regions where the 
native soil is acidic, due to the use 
of concrete in the built environment 
and its effects on soil chemistry 
(Jim 1998). Additional challenges 
faced by urban trees include 
increased temperatures and water 
stress, damage from winter street-
salt, and injury due to improper 
pruning. These issues and others 
can substantially impact tree growth 
and accelerate tree mortality, and 
they greatly restrict the palette of 
tree species suitable for use in these 
inhospitable environments. In order 
to be resilient to current and future 
threats such as pathogens, pests, 
and a changing climate, our urban 
forests must be composed of many 

diverse tree species, while still being able to tolerate the difficult growing conditions 
commonly found in our cities and towns.

Urban trees and climate change

Future climate change adds another layer of complexity to growing trees in urban 
environments. When we plant trees, the hope is that they will survive and grow over 
multiple decades. Yet climate change projections suggest that the climatic conditions of 
the planting site could change substantially over the lifespan of the tree. Due to the urban 
heat-island effect and inadequate soil volumes, water stress is already a major challenge 

International Oaks, No. 30, 2019

Photo 1/ Quercus muehlenbergii
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Photo 2/ Quercus rubra
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faced by trees in urban environments, and in many regions periods of drought are likely 
to increase. The anticipated increased temperatures can negatively impact urban forests 
in several ways. Increased water stress can predispose trees to pest attacks, and higher 
temperatures might mean that populations of insect pests can develop at increased rates 
and experience reduced winter mortality. Warmer winter temperatures may also cause 
some tree species to break dormancy early, increasing the risk of them being damaged by 
late spring frosts. Extreme weather events are also likely to increase in the future, further 
compromising urban tree health (Frumhoff et al. 2007). 

While urban forests differ dramatically from their more natural counterparts, studies on 
the anticipated effects of climate change on natural forest ecosystems can provide insight 
into how different tree species may react. One study developed by the United States 
Forest Service, The Climate Change Tree Atlas, models the potential habitat distributions 
for 134 tree species native to the Eastern United States under different climate change 
scenarios (Iverson et al. 2008). It is important to note that this study is not modeling 
species migration, but rather the shift in habitat areas that are considered suitable for 
these species to colonize. The Atlas illustrates that climate change could have substantial 
impacts on the distribution of suitable habitat for Eastern U.S. forest tree species, 
especially under a high carbon dioxide emissions scenario. Under all climate change 
scenarios, the Atlas predicts a decrease in habitat areas suitable for Acer/Fagus/Betula 
forest types, and an increase in habitat areas suitable to Quercus/Pinus and Quercus/
Carya forest types. The Atlas also models the distribution of potential habitat for 27 
species of oaks native to the Eastern U.S., and the majority of these species are expected 
to gain suitable habitat under climate change.  

Not enough Quercus

Due in part to the past devastation of Ulmus americana (American elm) in the 
Eastern U.S. from Dutch elm disease, species diversity in our urban forests is widely 
recognized as a key component to their resilience. One popular rule-of-thumb 
prescribes that no species should comprise more than 10%, no genus should compose 
more than 20%, and no family should comprise more than 30% of a city or town’s 
tree population (Santamour 1990). This guideline, though simple to remember, is not 
always simple to adhere to in practice. One study looking at the species diversity of 
street trees in the states of New York, New Jersey, and Pennsylvania (Cowett and Bassuk 
2017) found an overdependency on the genus Acer (Acer platanoides, A. saccharum, 
A. saccharinum, and A. rubrum) and an underrepresentation of the genus Quercus. 
Only a few species (Q. rubra and Q. palustris) represented meaningful percentages 
(greater than 1%) of the street-tree populations in each state. Quercus palustris has 
historically been very popular in the U.S. nursery trade, but unfortunately this species 
is highly susceptible to iron deficiency, chlorotic leaves, and poor growth when 
grown in alkaline soils (Wallace and Wallace 1986). Because of its poor performance 
in alkaline soils, this species is often an inappropriate choice for urban landscapes. 
At Cornell University’s Urban Horticulture Institute (UHI), we see the potential for an 
increased use of appropriate oak species in our cities and towns, and their usefulness 
for increasing the biodiversity and resiliency of the urban forest. One research focus of 
the UHI involves the selection, evaluation, and propagation of superior plants for urban 
environments. With the goal of expanding the palette of oaks that will thrive in temperate 
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urban landscapes, we have been working on developing, evaluating, and selecting hybrid 
oaks since 2004. These oak hybrids have the promise of increased vigor and better 
adaptation to urban stressors such as alkaline soils, drought, and pests. The ultimate goal 
of this long-term project is to introduce superior hybrid-oak selections into the nursery 
trade as named cultivars.

Because a reliable asexual propagation method for oaks is crucial for meeting our goal, 
the UHI has been pursuing such a method for almost 25 years. We have been successful 
in utilizing a modified stool-bed layering technique for propagation, but the yield 
is too low for commercial applications. To overcome this challenge, we are currently 
developing tissue-culture protocols which show promise for the rapid multiplication of 
large numbers of clonally propagated oak selections. Our progress on developing these 
asexual propagation methods, along with our work breeding and selecting hybrid oaks, 
was presented in detail at the 8th International Oak Society Conference at The Morton 
Arboretum in 2015 and is described in depth in the Proceedings of that Conference 
(Bassuk et al. 2016). 

In addition to developing asexual propagation methods, the UHI has also been 
undertaking studies to evaluate our hybrid oaks for their tolerance to common urban 
stressors. In the past, we have studied their performance in a high-pH growing medium in 
order to determine their tolerance to alkaline soils (Denig et al. 2014). More recently, we 

Photo 3/ Quercus imbricaria
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have been assessing their capacity to tolerate drought by means of osmotic adjustment. 
The UHI project to evaluate, select, and introduce these hybrid oaks has the potential to 
add a few new useful trees to the palette of plants suitable for adverse city environments, 
and therefore play a role in contributing to the increased biodiversity and resilience of 
our temperate urban forests.

Photographers. Title page: Bryan Denig (Quercus ×warei ‘Long’ REGAL PRINCE®). Photos 1-3: 
Bryan Denig.
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ABSTRACT

Planting trees in urban situations that will be adapted to expected climate changes is a 
problem that needs to be addressed today. The present review takes a look at the species 
of oak currently planted in French cities and the obstacles that need to be overcome to 
encourage interest in diversifying urban plantings. Generally, the curriculum for landscape 
architects no longer includes studying the ecological requirements of species or mastering 
plant identification. The nursery profession is in jeopardy in the face of the hegemony of 
garden centers, the main objective of which is much less the diversification of plants than the 
large-scale sale of plants. Growing a limited number of species means favoring low genetic 
diversity. This in turn weakens the defense responses of trees faced with diseases, native or 
non-native, and their ability to respond positively in the face of climate change. These and 
other considerations should motivate those involved in urban green spaces to act differently.
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Introduction

The high temperatures that are beginning to affect us mean that trees will have to be 
planted more than ever in order to provide people with healthy shade. From garden nurseries 
and garden designers, to the specialized press, the vast majority of actors involved in 
urban green spaces do not seem to have grasped the true consequences of climate change. 
The rapid evolution of the climate towards an arid trend should not make us forget that 
France is in a temperate climate, implying that the winters, although shorter, are not 
necessarily less cold. The range of plants that could be used in the future must take into 
account all of these parameters.

Planting for tomorrow

Climate change has many consequences and one of the most visible is the increase in 
the average temperature of the globe, which is accompanied by extreme weather events. 
The heat wave of August 2003 resulted in nearly 15,000 victims in France! 
Planting trees to generate shade is one of the most effective solutions and it is part 
of a sustainable development approach: fixing atmospheric carbon, with fossil fuel 
expenditure at almost zero compared to air conditioning in vehicles and homes. 
This vast project of public utility faces a number of challenges in France. 

International Oaks, No. 30, 2019

Photo 1/ Quercus myrsinifolia in Dammarie (Eure-et-Loir).
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Education
Plant identification and ecology make up a mere 5% of the curricula (2% of the number 

of hours spent) of those learning landscape architecture and urban design in French 
institutions. Devoting more time to these subjects in a curriculum is left to the discretion 
of the institution, who may choose or not to include them. In France, the Blois School of 
Landscape (ESP Blois) and the Agrocampus School (Angers) are two institutions where 
plant identification and ecology represent a greater part of the program. With such little 
importance given to these subjects generally in France, it is not surprising that for many 
contemporary landscape architects, a “tree” is little more than a piece of street furniture, 
rather than a living being. 

Landscapers usually impose cultivars or, in the case of botanic species, clones, grafted or 
not, which will have the advantage, from a landscaper’s point of view, of being genetically 
identical and thus of presenting identical and simultaneous ornamental characteristics. 
However, genetic diversity is a key factor in sustainable management, relying on 
heterogeneous individuals capable of responding differently in terms of resistance/resilience 
to biotic aggressors. Genetically homogeneous populations are inherently weaker and 
less able to face environmental challenges and some clones are known for their structural 
defects (Ulmus ‘Resista’ and Acer saccharinum ‘Wieri’, for example). 

The nursery trade
At the end of the chain of decision are the nurseries that will be chosen or respond to 

public tenders for such projects. Many traditional nurseries and in particular collector 
botanic nurseries (with very large catalogues of less common species, smaller numbers 
of them, and, often, selling small to medium-sized plants) started to disappear very 
quickly following the global economic crisis of 2008. According to the latest data from 
FranceAgriMer released on March 6, 13% of horticultural businesses and nurseries 
disappeared between 2013 and 2015, leaving 543 fewer companies and a total of 3,611 
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Photo 2/ In the city of Orléans, four very expensive Quercus frainetto.
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remaining. At the same time, it is the big garden groups that prefer to market a minimum 
number of different species, with standardized plants that are easy to produce. The 
example of Jardiland is significant. Acquired in 2017 by an investment fund (Invivo), it 
accounted in 2015 in France for 22.5% of turnover of plants marketed and 40% of the 
744 million euros in revenue.

In addition, “local authorities”, the essential customers of the sector “save on the 
consumption of plants” in a context of declining public budgets, says Dominique 
Boutillon, President of the Conseil Spécialisé Horticulture de FranceAgriMer. And when 
they invest in plants, communities look at cost before quality: “in public markets, only 
one third of the plants would be French”.

After two dark years, in 2012 and 2013, marked by disastrous weather that led to a 
sharp drop in sales, the garden sector is the scene of many readjustments since 2014 with 
reconciliations, capital movements and a trend towards diversification (pet furnishings, 
decoration, furniture, textile or food) to compensate for the seasonality of the activity and 
its dependence on weather conditions. 

Current fashion
The planting of large trees as opposed to younger plants is very much in fashion 

these days. In both the public and private sectors time and resources are lost due to 
the consequences (higher purchase price, higher risk of failure, etc.). In addition, urban 
trees in France suffer from bad management habits, probably inherited from the “French 
garden” esthetic tradition with its inherent notion of controlling nature. Photo 2 is a good 
example of this bad combination: four Q. frainetto (when planted: 9 m tall, 35 years old, 
and wearing a €6,000/tree price tag) planted in too little space (40 m2) with too much 
understory.

Specialized press
The lack of information in the specialized press contributes to a lack of curiosity 

and interest in diversifying with uncommon plants that could meet the challenges of a 
changing climate. Consequently neither the public nor elected officials are sufficiently 
informed – although there are some exceptions, like in the cities of Nantes and Cherbourg 

Figure 1/ Use of oaks vs. other taxa in 8 French cities (and the average for France in red) known for their 
good tree-management practices.
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Photo 3/ Quercus phillyreoides planted to form a hedge (Jardin des Plantes d'Orléans).
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where a wide selection of oaks are used: Q. canariensis, Q. macranthera, Q. marilandica, 
Q. myrsinifolia, Q. phellos, Q. variabilis by the former and Q. acutissima, Q. falcata, Q. 
nigra, and Q. phellos in Cherbourg.

Communication
The relationship between city officials and those responsible for the creation and 

maintenance of the city’s green spaces needs to be more effective and coordinated to 
ensure that informed choices can be made when considering projects with landscape 
architects.

Diversify yes, but with what? 

In France, the most frequently planted genera in cities are Platanus, Tilia, and Fraxinus. 
Phytosanitary problems with Platanus (colored canker; Ceratocystis fimbriata f. platani) 
and with Fraxinus (Fraxinaster section; chalarose; Chalara fraxinea) are proof that 
diversification in urban plantations is needed, while reducing the range of potential trees.

In more Mediterranean climates, Celtis australis is commonly planted. This species 
is very adapted to this climate but there are many more species in this genus that should 
be trialed. 

Climate change must push us to move towards other species within the genera already 
in use (for example, Celtis sinensis and Acer truncatum) while at the same time look at 
other genera with promising species for an environment that is tending towards aridity 
(both hot and dry, so of low hygrometry) and with winters certainly shorter but capable of 
producing a minimum of destructive temperatures. These include, for example, Pistacia 
chinensis, Calocedrus decurrens, Liquidambar orientalis, Sassafras albidum, some 
Mediterranean Abies, such as A. bornmuelleriana and A. cephalonica, and of course the 
vast potential of species of our favorite genus.

As mentioned above, the past ten years have seen the traditional and botanic nurseries 
all but disappear. Today there are only ten botanic nurseries in France who market 
diversity in ungrafted oaks. General interest in planting oaks, in both the public and private 
sectors, is hindered as well by the popular desire to plant large trees. Consequently, oaks, 
which do much better if planted young, suffer from the reputation of high plant mortality 
after planting. Bad planting practices have, in some cases, added to this reputation. This 
general situation has reduced interest in the genus but there are some cities that would 
like to diversify their urban plantings, in particular with oaks (Frédéric Segur, CU of 
Greater Lyon; pers. comm.)

Planting oaks for tomorrow

If Q. cerris has become increasingly important (too important, probably), Q. ilex is 
being more commonly used because its hardiness is better known. Quercus frainetto is 
also becoming popular. Uncommon species have started to appear in some cities, but 
seducing decision makers with species like, for example, Q. acutissima, Q. falcata, Q. 
libani, Q. nigra and Q. trojana, remains difficult. Cities such as Albi, Lyon, Metz, and 
others, that have innovated their urban plantings, constitute interesting examples to help 
convince others to do the same! 

The absence of southern Mediterranean cities in this study is explained by the very 
low use of oaks there, limited almost exclusively to Q. ilex in places such as Antibes, 
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Montpellier, Toulon, Toulouse). Not to be forgotten however is that Quercus ilex 
collected at its altitudinal limit in France (Cevennes) is hardy in the Czech Republic 
(Plaček Quercetum) and therefore its use should not be limited to our southern cities! 
The importance of provenance – rarely discussed in the specialized press – is nonetheless 
crucial in the context of selecting trees susceptible to survive in a changing environment

Recently, Andreas Roloff, German dendrologist from Dresden University, went to 
Beijing to study the species used in difficult urban environments. Studies like this one 
are necessary to diversify our choice of urban trees: what could we be using in addition 
to Q. acutissima and Q. mongolica? What is the importance of other species like Acer 
truncatum, Celtis bungeana, C. sinensis, Pistacia chinensis and others? The more we 
learn about uses of species in urban settings in other parts of the world, like using Q. 
phillyreoides for hedges as is done in Japan, the more we may find that there are many 
other trees adapted to our cities. 

As shown in Figure 2, within the genus there are many species with characteristics 
that make them good candidates to broaden our choices about what to plant in our cities 
that will meet the climate challenges of tomorrow (i.e., plants that are able to withstand 
aridity and harsh winter temperatures).

Q. afares Q. fusiformis Q. phellos

Q. alnifolia Q. georgiana Q. phillyreoides

Q. arizonica Q. greggii Q. pungens

Q. buckleyi Q. grisea Q. rysophylla

Q. canariensis Q. gravesii Q. sartorii

Q. canbyi Q. hypoleucoides Q. trojana

Q. cupreata Q. imbricaria Q. wislizeni

Q. dolicholepis Q. ithaburensis subsp. macrolepis

Q. durifolia Q. laceyi

Q. falcata Q. nigra

Supply

In addition to the current difficulties of the nursery trade in France mentioned 
above, there is also the problem of supply. How and where to get new plant material 
for propagation have become major concerns. The importance of provenance and of 
maintaining a healthy genetic assortment is not a priority for large garden centers. At the 
same time, access to plant material has been made increasingly difficult, especially since 
the Nagoya Protocol (2012), for that sector of the nursery trade (botanic nurseries) that 
maintains an interest in using novel plants and that has experience working with them.

Equally, as mentioned previously, the lack of education in plant identification has 
created a serious shortage of field botanists capable of identifying plants – and not just 
oaks – correctly. 

Conclusion

Planting the right trees for tomorrow is an issue of pressing concern all over the world. 

Figure 2/ Oak species that could be trialed in France.
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In France, though some cities are playing an active role in exploring new possibilities, 
there are several obstacles that hinder the development of more widespread interest. 
Cultural and historical specificities, the pressing problem of plant supply, propagation 
and distribution, and the difficult situation in France of the specialized nursery trade 
– all of this must be taken into consideration if we want to find the best solutions for 
tomorrow’s urban forest.

Photographers. Title page: Thierry Lamant (Celtis sinensis). Photos 1-5: Thierry Lamant.

Photo 5/ Quercus cerris
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ABSTRACT

The state of Oaxaca (Mexico) is a center of oak diversity, and oak species are a major 
component of forested ecosystems in the state. Depending on elevation and microclimate, 
oaks in the central mountain regions are either dominant or codominant with pines in roughly 
25% of the land area in Oaxaca – accounting for more area than any other single vegetation 
type. We modeled projected shifts in the climatic conditions of Oaxaca’s major vegetation 
types under climate change scenarios to assess probable increases in climatic exposure, or 
vulnerability, to these ecosystems. Here we examine how exposure is likely to increase in oak 
and mixed conifer-oak ecosystems, where exposure is defined as the future area extent of these 
ecosystems that is projected to exceed the climate conditions (temperature and precipitation) 
found across 95% of these ecosystems during the baseline period of 1980-2010. Under the 
current-track emissions scenario, these vegetation types are projected to increase in exposure 
area to between 11 and 13% for the near future (2015-2039) period and to between 32 and 
36% for the end-century period (2075-2099). While oak and mixed conifer-oak ecosystems 
are projected to experience less exposure than the tropical ecosystems of the state, these rates 
are still high relative to baseline levels (5%), and merit efforts to mitigate climate change and 
develop adaptation strategies. 
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Introduction

The Mexican state of Oaxaca is part of the Madrean pine-oak biodiversity hotspot and 
the most floristically diverse state in Mexico (Mittermeier et al. 2005; Villaseñor 2016). 
Similarly, it stands out as the most diverse state in the country for oaks, with 52 oak 
species (Valencia- Á 2004; Valencia-Á. and Nixon 2004). In Mexico and in Oaxaca, oaks 
are found in a diverse array of habitats, from tropical dry forests and matorral/chaparral 
to cloud and tropical evergreen forests at elevations that range from 300 to 3,200 masl 
(INEGI 2015). This broad distribution implies that oaks as a taxonomic group (Quercus) 
have been highly adaptable over evolutionary time to a range of climatic and edaphic 
conditions. 

Although oak diversity in Oaxaca is concentrated in mountainous regions between 
1,000 and 2,800 m.a.s.l. (Flores-Martínez and Manzanero-Medina 1999), the genus’s 
overall evolutionary adaptability bodes favorably for survival in the face of climate 
change. That said, there is less certainty with regard to how individual Quercus species 
will fare, especially those that appear to be confined to narrow geographic, habitat, or 
altitudinal ranges, or face other barriers to dispersal (Rodríguez-Correa et al. 2015). 
Furthermore, it is clear that different species segregate preferentially across altitudinal 
gradients, suggesting that climatic tolerance is an important determinant of individual 
species range (Olvera-Vargas et al. 2010).

The focus of this study is on the distributions of the two principal vegetation types 
associated with oak diversity in Oaxaca (Fig. 1): oak forests and the mixed conifer-
oak forest complex (also referred to as conifer-broadleaf forest or in Spanish bosque 
de encino-pino, bosque de pino-encino, or bosque de coníferas-latifoliadas). Together, 
these two vegetation types occupy roughly 25% of the surface area of Oaxaca – more 
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Figure 1/ Distribution of Mexico’s two principal vegetation types associated with oak diversity in 
Oaxaca.
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than any other single vegetation type or major land-use category in the state (POERTEO-
SEMARNAT 2011). Concentrated in the interior part of the state, oak and conifer-oak 
ecosystems coincide with or are proximate to the majority of Oaxaca’s human population, 
including the state capital and the Valles Centrales region. As such, the health and 
ecological functioning of these forests play a key role in the economic wellbeing and 
ecosystem service provision for much of the state’s population (Galicia et al. 2015). To 
the extent climate change threatens the integrity of these forests or results in shifts in 
their distribution, there could be major impacts to both ecosystems and people.

To estimate the potential impact of climate change on the oak and conifer-oak forests 
of Oaxaca, this study focuses on potential changes to the climatic characteristics of these 
forests where they exist today. The study uses a period close to present day (1980-2010) 
for which climate data are available to characterize the baseline climatic conditions where 
the forests are found. It then uses climate change models to estimate the extent to which 
those conditions are projected to change. The degree of change from present conditions 
is measured as a shift in the distribution of climate conditions that characterize all the 
1 km2 grid cells that make up the present-day areas of these vegetation types. Climate 
exposure, or vulnerability, is then calculated as a function of this distribution shift, where 
the bigger the shift (i.e., the more cells shift away from the present distribution mean 
toward the tails), the greater the projected vulnerability. It is important to note that this 
is an in-situ modelling study, meaning that it focuses only on the vulnerability of forests 
in their present location; it does not take into consideration the potential for geographic 
shifts in the actual distribution of the vegetation type (e.g., oak forests move from point 
A to point B). This is a limitation of the study, given that some range shifts in species and 
ecological communities are likely (Lenoir and Svenning 2015). However, the complex 
array of factors that need to be considered in order to predict such shifts makes this 
kind of modeling fraught with uncertainty. By not attempting to predict vegetation shifts  
related to climate change, then, the present study can offer land managers, residents, and 
others concerned with specific places an idea of how likely the vegetation in those places 
are to experience some form of perturbation.

Methods

The exposure-analysis methodology used to predict climate change vulnerability in 
this study has been described previously (Thorne et al. 2016). It was subsequently used 
in a statewide study of climate vulnerability of the major vegetation types of Oaxaca 
(Williams et al. 2018), the results of which serve as the basis for the evaluation of oak 
and conifer-oak forests presented here. As such, only a brief summary of those methods 
is presented.

Climate-exposure analysis is based on projected future differences in the climate 
variables used to describe a region relative to a baseline period, in this case 1980-2010. 
We used open-source climate data available from UNIATMOS (Mexican National Center 
for Atmospheric and Environmental Computing; http://uniatmos.atmosfera.unam.mx/
ACDM/) to calculate the same 19 bioclimatic variables used in the global climate data 
repository Worldclim (http://www.worldclim.org/), but based on a larger number of 
weather stations. These variables were examined for collinearity and reduced to 7: mean 
diurnal temperature range; isothermality; maximum temperature of warmest month; 
minimum temperature of coldest month; annual precipitation; precipitation seasonality; 
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and precipitation of driest quarter. From these 7, 2 principal components were derived to 
characterize each grid cell in the state.

Future climate conditions for Oaxaca were projected using five spatially-explicit 
global circulation models (GCMs) – CNRM-CM5 (Voldoire et al. 2013); GFDL-CM3 
(Donner et al. 2011); HADGEM2-ES (Collins et al. 2011); MPI-ESM-LR (Block and 
Mauritsen 2013); and REA (Giorgi and Mearns 2002) – available for Mexico through 
UNIATMOS for near-future (2015-2039) and end-century (2075-2099) periods under 
low (RCP 4.5) and current-track (RCP 8.5) emissions scenarios. Climate exposure for a 
vegetation type was then calculated as a function of the deviation of the distribution of 
future period climate conditions over the area where that vegetation type occurs relative 
to the distribution for the baseline period, where the greater the deviation, the greater the 
projected exposure. In particular, high exposure was calculated as the percentage of a 
vegetation type that was projected to be in the tails of the baseline distribution as follows: 
high, 95-99%; very high, 99-100%; and >100% or non-analog climate, i.e., projected 
conditions that have no current climate analog in the baseline period. Conversely, low-
exposure future climate was considered to be any set of climate values that were in the 
main part of the baseline distribution, i.e., < 80% of climate values around the mean.

Results

Figure 2 shows the distribution of oak and mixed conifer-oak vegetation types in 
Oaxaca under present (a), near-future (b), and end-century (c) climate conditions, where 
greener colors indicate low climate exposure and warmer colors (yellow to red) indicate 
high exposure; gray represents non-analog conditions. By definition, under baseline 
conditions exactly 4% of cells have high exposure, 1% have very high exposure, and 0% 

Figure 2/ Projected distribution of oak (a,c) and mixed conifer-oak (b,d) vegetation types in Oaxaca under 
near-future (a,b), and end-century (c,d) climate conditions using the REA RCP 8.5 global circulation 
model. Green colors indicate low climate exposure; yellow to red colors indicate high exposure; gray 
represents non-analog conditions.
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are non-analog – for a cumulative total of 5% of the area of these vegetation types in some 
level of high exposure. By contrast, the cumulative total projected for the near-future 
period is 12.4% and 35.4% for the end-century period for the REA GCM at current-track 
emissions (RCP 8.5). Table 1 shows specific exposure scores as percentage of vegetation 
type projected to fall into each exposure risk category.

Low +/- SE High +/- SE Very High +/- SE Non Analog +/- SE

2015-2039

Oak forest 58.4 7.3 7.1 1.6 4.4 1.3 0.0 0.0

Conifer-oak forest 66.2 4.4 7.4 1.3 6.0 2.0 0.0 0.0

Tropical montane cloud forest 69.5 2.3 6.7 0.6 6.1 1.7 0.1 0.0

Tropical evergreen forest 62.7 5.0 10.7 1.6 8.3 2.4 2.7 1.1

2075-2099

Oak forest 39.6 7.3 9.5 2.8 22.3 6.9 0.7 0.3

Conifer-oak forest 43.0 7.2 9.0 1.1 27.3 6.2 2.0 1.2

Tropical montane cloud forest 30.7 7.3 14.0 1.2 28.3 5.1 0.6 0.5

Tropical evergreen forest 28.5 5.5 11.5 1.4 25.6 3.5 24.2 8.7

Baseline climate conditions set the standard by which future climate exposure is 
judged. As such, one can visually assess how exposure is projected to change through time 
by looking at how the grid cells move in climate space (based on principal component 
variables) from baseline to end-century. Figure 3 shows this progression for the REA 
RCP 8.5 model, where grid cell shifts along the horizontal and vertical axes generally 
reflect changes in precipitation (e.g., wetter or drier) and temperature (e.g., cooler or 
warmer), respectively. A more nuanced explanation of what the principal component axes 
represent can be found in Table 2, where each component is broken down according to 
the respective bioclimatic variables.

Bioclimatic Variable PC1 PC2

2. Mean Diurnal Temperature Range 0.424 0.138

3. Isothermality (#2/Temp. Annual Range) 0.384 0.033

5. Max. Temperature of Warmest Month -0.006 -0.628

6. Min. Temperature of Coldest Month -0.180 -0.615

12. Annual Precipitation -0.482 -0.059

15. Precip. Seasonality (Coef. of Variation) 0.366 -0.439

17. Precip. Warmest Quarter -0.524 0.103

Proportion of Variance 0.457 0.314

Table 1/ Climate exposure scores with standard errors (SE) for oak ecosystems (oak forest, conifer-oak 
forest) in Oaxaca State, Mexico. Projections are shown for near-future (2015-2039) and end-century 
periods, with tropical montane cloud and tropical evergreen forests for comparison (both can include 
oak species). Increased exposure (vulnerability) is a function of deviation from the baseline values for 
the following exposure categories: Low-80%; High-5%; Very High-1%; Non Analog-0%.

Table 2/ Bioclimatic variable loadings on first two principal components used to define current and 
future climate exposure for oak and conifer-oak (and other) ecosystems in Oaxaca (see Figure 3).
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Conclusions
 
While the projected increase in exposure levels for oak ecosystems is significant, 

especially with more than a third of the ecosystem areas projected to have some level 
of high or greater exposure by the end-century period, this number is less than or equal 
to the projected exposure levels for all the other major vegetation types in the state. 
Furthermore, because oak and mixed conifer-oak systems tend to be located in the middle 
to upper elevations in mountain systems – but not at the lowest or highest elevations – 

Figure 4/ Consensus maps show that the center, or inland parts of Oaxaca – where oak and conifer-oak 
ecosystems predominate – are among those projected to be the least climatically exposed for the future 
periods evaluated.

Figure 3/ Projection of change in exposure for the REA RCP 8.5 model. See Table 2 for detailed 
explanation.
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they may be able to shift up or down the altitudinal gradient through colonization by 
dispersal (provided there are no barriers to dispersal, such as superior competitors or lack 
of seed dispersers). Such movement is not an option for vegetation types that are located 
at the upper limits of available elevation gradients and that would need to shift upwards 
to maintain cooler, wetter climate preferences.

It is important to remember that climate exposure models, just like GCMs, produce 
simplified projections that are based on a series of assumptions about how climate 
change will play out. If any of these assumptions are wrong or over- or underestimated, 
the projection errors could be significant. One of the ways to account for the inherent 
uncertainties of these models is to use multiple models and average their results or look 
for model consensus. For this reason, we used all five of the available GCMs for Mexico to 
model vegetation types in Oaxaca. Not surprisingly, there were differences both in where 
the individual models projected increased exposure to occur and by how much. Because 
we had no a priori reason to expect one model to be better than another, we looked at 
model consensus for the areas projected to have high exposure/high vulnerability, and for 
those areas projected to have low exposure/low vulnerability (Fig. 4). These consensus 
maps show that the center or inland parts of Oaxaca – where oak and mixed conifer-oak 
ecosystems predominate – are among those projected to be the least climatically exposed 
for the future periods evaluated. While any one of these models could be based on faulty 
assumptions or insufficient data, the consensus among the five models provides some 
reason for optimism. That said, it is also important to remember that climate change 
is not the only threat facing oak and mixed conifer-oak ecosystems in Oaxaca; habitat 
degradation and forest loss are also concerns that need to be kept in check (Ramirez-Toro 
et al. 2017).

 
Photographers. Title page: Béatrice Chassé (mixed conifer-oak forest in Mexico).
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ABSTRACT

With close to 170 species and almost 100 of these endemic, conservation work on oaks 
in Mexico is very important and in spite of recent advances, there is still much to be done. 
This we attribute to a lack of a systematic exploration to determine the exact distributions of 
the species. Our garden (Jardín Botánico Universitario-Benemérita Universidad Autónoma 
de Puebla) has made efforts in conservation since 2000, and completed two examples of 
assessment for conservation with the support of FFI: Quercus hintonii and Q. insignis, two 
endangered species.

In this project, we decided to increase field exploration in Puebla by making regular field 
trips to the most remote and under-collected places, to find unreported species and increase 
knowledge of the distribution of others. We were thus able to eliminate 7 species previously 
reported for Puebla while 5 unreported species were found, giving a total of 46 species for 
Puebla, second only to Oaxaca. This result comes from the institutional commitment for 
conservation and the interinstitutional support provided by our participation in the Oaks of 
the Americas Conservation Network.

Intensive work has been carried out on Q. hirtifolia and detailed maps have been produced, 
showing its limited distribution and special habitat. 

The results show the need to support botanical exploration at a national as well as 
a state level. This approach will increase our knowledge of the distributions in Puebla of 
the 46 species, how they relate to national populations, and which ones are candidates for 
conservation assessment. 
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Introduction

Oaks have always been a genus of interest in Puebla, enough to attract the attention 
of our Garden (Jardín Botánico Universitario-Benemérita Universidad Autónoma de 
Puebla, JBU-BUAP) since 1994 when we started to develop a living collection. This 
interest led us to investigate the diversity and distribution of Quercus species in Puebla. 
We also focussed our interest on some of the more restricted species in Mexico such as Q. 
hintonii and later Q. insignis. Our work to assess the conservation status of these species 
was carried out with the support of Fauna and Flora International (FFI) in 2000 and 2001. 
While we obtained useful results we realized that assesment work for conservation was a 
large task and our small Garden could not satisfy the requierements of the project without 
neglecting the development of the living collections. So we decided to continue with the 
Quercus inventory only in the state of Puebla. Our first specimens from the last of the 217 

municipios in Puebla from which 
we had no material, were collected 
in 2015. Vázquez-V. (1992) and 
Valencia-A. (2004) listed 32 species 
of Quercus for the state of Puebla,  
as well as the hybrid Q. ×dysophylla. 
Ten years later, Rodríguez Acosta et 
al. (2014) increased this to 48, the 
additions often based on records 
in other herbaria. As we have long 
realised that our collections were 
insufficient to document the flora of 
Puebla, increased efforts in recent 
years have focused on collecting in 

all parts of the state. A further stimulus was given to our oak collecting by our involvement 
with the Oaks of the Americas Conservation Network, the International Workshop on 
Oak Conservation in 2016 in Morelia and the Workshop on Taxonomy of Rare Mexican 
Oaks held in Puebla in 2017. These activities, together with a grant received from The 
Morton Arboretum in 2018 helped us to increase significantly our oak collections and to 
increase our knowledge of Puebla oak diversity. Oaks now make up nearly 3.5% of our 
Puebla herbarium specimens while they represent less than 1% of the flora (Fig. 1).

Methods

For this research project we reviewed specimens of Quercus in the herbaria HUAP, FCME 
and MEXU. The list of species in the state of Puebla was revised based on new material 
collected and reidentification of specimens. The final list was compared with the lists of oak 
species found in other states and with the IUCN Red List (2018). Additional collecting was 
carried out in many parts of the state of Puebla. We searched particularly for Q. eduardi in 
an area of Puebla close to known localities in Hidalgo but the species was not found there.

Results

Of the 48 species listed by Rodríguez-Acosta et al. (2014), 7 of these are now believed 
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Figure 1/ Puebla specimens at HUAP. The red line indicates 
the total number of specimens, the blue bars the total 
number of oak specimens.
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not to occur in Puebla. These are Q. eduardi, Q. elliptica, Q. furfuracea, Q. potosina, 
Q. resinosa, Q. scytophylla and Q. subspathulata. The suspected occurrence of these 
species in Puebla was mostly based on misidentifications. For example, the inclusion 
of Q. scytophylla was almost certainly based on a specimen at MEXU, from a humid 
area very different to the typical habitat of this species; this specimen appears to be Q. 
oleoides. 

New additions to Puebla
Five species were collected that are new to the list for Puebla. These are Q. conzattii 

with eight collections confined to a single municipio in southeast Puebla close to the 
Oaxaca border; Q. grisea with five collections from four municipios in dry areas of central 
and east Puebla; the recently described Q. meavei with a single collection from northwest 
Puebla close to the border with Hidalgo; Q. pinnativenulosa with three collections from 
two municipios in east Puebla, and Q. xylina with a single collection from the north of 
Puebla (Fig. 2).

In addition, three of the Puebla oak species have been subject to name changes. What 
was referred to as Q. acutifolia for many years is now correctly known as Q. grahamii, 
and Q. conspersa is regarded as a synonym of Q. acutifolia (Valencia-A. et al. 2015), 
while the species long known as Q. candicans is now correctly called Q. calophylla 
(Valencia-A. et al. 2018).

Distribution of Q. hirtifolia
Intensive work was carried out on the distribution of Q. hirtifolia. We increased the 

number of Puebla collections of this species at HUAP from 2 in 2004 to 56 and showed 
that its main distribution is concentrated in Puebla (Figs. 3 and 4). This species is found 
in a narrow band from Veracruz and Hidalgo and across the north of Puebla. It grows on 
steep hillsides and in valleys often close to inhabited areas. 

New Efforts in Mexican Oak Conservation

International Oaks, No. 30, 2019

Figure 2/ Distribution of oaks new to Puebla. Quercus conzattii (yellow circles); Q. pinnativenulosa (red 
circles); Q. grisea (green circles); Q. xylina (red pointer); and, Q. meavei (yellow pointer). Some points 
may represent more than one collection. 
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As a result of this work we recognize a total of 46 species of Quercus for the state 
of Puebla, found in various plant communities such as oak forest, pine forest, oak-pine 
forest, xerophtytic scrub, tropical deciduous forest and cloud forest. Twenty-two of 
these are in section Quercus, 23 in section Lobatae and 1 in section Virentes. These 46 
species represent nearly 29% of the number of oak species of Mexico as recognized by 
Valencia-A. (2004). This puts Puebla in second place for species richness of oaks in 
Mexico, after Oaxaca with 51 species (Valencia-A. and Nixon 2011) and just ahead of 
Jalisco with 45 (González-Villarreal 1986; 2003a, b) 

Figure 3/ Locations of Quercus hirtifolia collections for specimens in all herbaria in 2004.

Figure 4/ Locations of Quercus hirtifolia collections of specimens in all herbaria in 2018.
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Floristic similarity

A comparison of the distribution of the oaks of Puebla shows that the states that Puebla 
shares most species with are Veracruz, Hidalgo and Oaxaca, which all share a border with 
Puebla (Fig. 5). 

A floristic similarity analysis clearly shows how the oak species in Puebla compare 
with those in other states (Fig. 6). The relationships found differ from those for all the 
Puebla flora which shares the greatest number of species with Oaxaca followed by the 
states of Mexico and Tlaxcala (Rodríguez Acosta et al. 2014).

Figure 5/ Number of Puebla oak species found in other Mexican states.

Figure 6/ Floristic similarity between Puebla and the other Mexican states with which it shares oak 
species.
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Conservation status of Puebla oaks

Thirty of the Puebla oak species are endemic to Mexico, 16 from section Lobatae and 
14 from section Quercus. However, only 18 species are mentioned in the IUCN Red List 
(2018), and only 6 of those are endemic to Mexico (Table 1).

Of the 46 species in Puebla, 8 are widely distributed in Mexico: Q. rugosa, Q. laeta, Q. 
obtusata, Q. magnoliifolia, Q. castanea, Q. crassifolia, Q. calophylla and Q. sideroxyla. 
The first 4 belong to section Quercus and the latter 4 to section Lobatae. 

The species with the most restricted distribution in Mexico and that are only found 
in two or three states apart from Puebla are Q. acherdophylla, Q. conzattii, Q. cortesii, 
Q. delgadoana, Q. depressa, Q. hirtifolia, Q. liebmannii, Q. meavei and Q. trinitatis. 
Of these, Q. liebmannii is in section Quercus while the rest are in section Lobatae. Of 
the species with a restricted distribution in Mexico, all are endemic except Q. cortesii 
and Q. trinitatis, which extend to Central America. Of the species with a more restricted 
distribution in Mexico, Q. acherdophylla, Q. cortesii, Q. meavei and Q. trinitatis have 
not been assessed for the IUCN Red List of Threatened Plants.

SPECIES NATIVE TO PUEBLA SECTION IUCN STATUS DISTRIBUTION IN OTHER STATES

Q. acherdophylla Trel.* L Hgo, Oax, Ver

Q. acutifolia Née L VU Chis, Gro, Jal, Mex, Mich, Mor, Nay, Oax, 
Tla, Ver

Q. affinis Scheidw.* L Gto, Hgo, NL, Oax, Qro, SLP, Tam, Ver

Q. ariifolia Trel. Q Gto, Hgo, Qro, SLP, Ver

Q. calophylla Schltdl. & Cham. L LC Ags, Chis, Col, Dur, Gto, Hgo, Jal, Mex, 
Mich, Nay, Oax, Qro, SLP, Tla, Ver

Q. castanea Née* L LC Ags, CDMX, Col, Dgo, Gto, Hgo, Jal, 
Mex, Mich. Nay, Oax, Qro, SLP, Tla, Ver, 
Zac

Q. conzattii Trel.* L LC Dgo, Gro, Jal, Oax, Zac

Q. corrugata Hook. Q Chis, Gro, Hgo, Oax, Ver

Q. cortesii Liebm. L Chis, Oax, Ver

Q. crassifolia Bonpl. L LC Chih, Chis, Dgo, Gro, Gto, Hgo, Jal, Mex, 
Mich, Oax, Qro, SLP, Tla, Ver, Zac

Q. crassipes Bonpl.* L CDMX, Col, Gto, Hgo, Jal, Mex, Mich, 
Oax, Qro, SLP, Tla, Ver

Q. delgadoana Valencia-A, Nixon 
& L.M. Kelly*

L EN Hgo, Ver

Q. depressa Bonpl.* L LC Hgo, Oax, Ver

Q. deserticola Trel.* Q Ags, CDMX, Gto, Hgo, Jal, Mex, Mich, 
Oax, Qro, SLP, Tla

Q. frutex Trel.* Q CDMX, Hgo, Mex, Mich, Oax, Qro, Tla, 
Ver

Q. germana Schltdl. & Cham.* Q VU Hgo, Qro, SLP, Tam, Ver

Q. glabrescens Benth. Q Hgo, Mex, Mich, Oax, Qro, Tla, Ver

Q. glaucoides M. Martens & 
Galeotti*

Q Col, Gro, Gto, Hgo, Jal, Mex, Mich, Mor, 
Oax, Qro, Zac

Q. grahamii Benth.* L VU Gro, Jal, Mex, Mich, Mor, Oax, Ver



275

New Efforts in Mexican Oak Conservation

International Oaks, No. 30, 2019

SPECIES NATIVE TO PUEBLA SECTION IUCN STATUS DISTRIBUTION IN OTHER STATES

Q. greggii (A. DC.) Trel.* Q Ags, Chih, Coah, Dgo, Hgo, NL, Oax, Qro, 
SLP, Tam. Tla, Ver, Zac

Q. grisea Liebm. Q LC Ags, Chih, Coah, Dgo, Gto, Hgo, Jal, NL, 
Qro, SLP, Sin, Son, Zac

Q. hirtifolia M.L. Vázquez, 
Valencia-A & Nixon*

L EN Hgo, Ver

Q. insignis M. Martens & Galeotti Q EN Chis, Gro, Jal, Nay, Oax, Ver

Q. laeta Liebm.* Q Ags, Coah, CDMX, Col, Dgo, Gto, Hgo, 
Jal, Mex, Mich, Mor, Nay, NL, Oax, Qro, 
SLP, Tam, Tla, Ver, Zac

Q. lancifolia Schltdl. & Cham. Q Chis, Hgo, Oax, SLP, Ver

Q. laurina Bonpl.* L Ags, Chis, Coah, CDMX, Col, Dgo, Gro, 
Gto, Hgo, Jal, Mex, Mich, Mor, Oax, Qro, 
Tla, Ver

Q. liebmannii Oerst. ex Trel.* Q LC Gro, Oax, 

Q. magnoliifolia Née* Q Ags, Col, Dgo, Gro, Gto, Jal, Mex, Mich, 
Mor, Nay, Oax, Qro, SLP, Tla, Zac

Q. meavei Valencia-A, Sabas & 
O.J. Soto*

L Hgo, Ver

Q. mexicana Bonpl.* L Ags, Chih, Coah, Gto, Hgo, Mex, NL, Qro, 
SLP, Tam, Tla, Ver

Q. microphylla Née* Q Dgo, Gto, Hgo, Jal, NL, Oax, Qro, Tam, 
Tla, Ver, Zac

Q. obtusata Bonpl.* Q Ags, CDMX, Col, Dgo, Gro, Gto, Hgo, Jal, 
Mex, Mich, Mor, Nay, NL, Oax, Qro, SLP, 
Tla, Ver, Zac

Q. oleoides Schltdl. & Cham. V Chis, Hgo, Oax, Qro, SLP, Tam, Tab, Ver, 
Yuc

Q. paxtalensis C.H. Mull.* L Chis, Hgo, Oax, Tam, Ver

Q. peduncularis Née Q Chis, Col, Gro, Mex, Mich, Nay, Oax, Qro, 
Ver

Q. pinnativenulosa C.H. Mull.* L Hgo, NL, Qro, SLP, Tam, Ver

Q. polymorpha Schltdl. & Cham. Q LC Chis, Coah, Hgo, NL, Oax, Qro, SLP, Tam, 
Ver

Q. repanda Bonpl.* Q Ags, Gto, Hgo, Mich, Qro, SLP, Ver

Q. rugosa Née Q LC Ags, Chih, Chis, Coah, CDMX, Col, Dgo, 
Gro, Gto, Hgo, Jal, Mex, Mich, Mor, NL, 
Oax, Qro, SLP, Son, Tla, Ver, Zac

Q. sapotifolia Liebm. L Chis, Hgo, Oax, SLP, Ver

Q. sartorii Liebm.* L Gro, Gto, Hgo, NL, Oax, Qro, SLP, Tam, 
Tla, Ver

Q. sebifera Trel.* Q LC Chis, Hgo, Oax, SLP, Tam, Ver

Q. sideroxyla Bonpl. L LC Ags, Chih, Coah, Dgo, Gto, Jal, Mich, 
Mor, Nay, NL, Oax, Qro, SLP, Tam, Zac

Q. trinitatis Trel. L Chis, Hgo, Oax, Ver

Q. xalapensis Bonpl. L VU Chis, Qro, Ver

Q. xylina Scheidw.* Q Col, Gto, Hgo, Qro, Zac

Table 1/ Quercus species native to the state of Puebla and their distribution in other Mexican states.
* Endemic to Mexico. Sections: L (Lobatae); Q (Quercus); V (Virentes).
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Conclusions

While Puebla is one of the smaller states of Mexico it has high oak diversity. This work 
has helped to greatly further our knowledge of this diversity and has shown that increased 
efforts are needed. Little-known species with few collections such as Q. cortesii, Q. 
paxtalensis, Q. pinnativenulosa and Q. trinitatis, remain. Future work will aim to increase 
our knowledge of the distributions of these species, as well as others with a restricted 
distribution in Mexico by increased collecting in areas that are under-explored. We are 
also aware of continuing taxonomic problems and attempts will be made to resolve these

Considering the developments we have achieved in the last few years we are sure that 
the oaks of Puebla still have some surprises in store for us.
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ABSTRACT

The dehesa is a man-made ecosystem found in southwestern Spain and Portugal within 
which Quercus ilex subsp. rotundifolia is the most abundant tree species. There is a great 
variation in the size and tannin content of their acorns. In the last few decades a few threats 
have affected these oaks and their numbers have decreased over the years. The aim of this 
project is to conserve trees that produce low-tannin acorns, reproduce them vegetatively and 
plant them on a conservation site. In the southwestern Iberian Peninsula a team will investigate 
different dehesas to determine which trees produce acorns with the lowest tannin content. 
Cuttings will be taken from those trees, rooted in a nursery and planted on a conservation 
site. Once the trees are established, research can be undertaken to determine the causes of 
variation in the tannin content of acorns. Trees exhibiting tannin-content stability through 
time will be propagated and made available for agroforestry purposes for use in producing 
human and animal food.

International Oaks, No. 30, 2019
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Introduction

In Spanish, dehesa (in Portuguese, montada) is a man-made agro-silvo-pastoral system 
that is spread over four million hectares in the southwest of the Iberian Peninsula. The 
dominant tree in this system is Quercus ilex subsp. rotundifolia.1 The trees are found in 
stands of 5-80 trees per hectare depending on precipitation. The dehesa ecosystem is 
similar to a savannah in tree density but the climate is Mediterranean with rain in the 
winter and dry summers. The dehesa is an anthropogenic landscape that has been carved 
over centuries and represents important habitat for endangered and migrating animal 
species (Olea et al. 2006). 

1. Considered a synonym of Q. rotundifolia.

International Oaks, No. 30, 2019

Photo 1/ Avileña-Black Iberian cattle in a dehesa in Cáceres province.
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In a dehesa, Q. ilex subsp. 
rotundifolia can produce 250-600 
kg of acorns per hectare. These 
acorns are an important food from 
December to February for free-
roaming pigs and for other livestock 
(Gea-Izquierdo et al. 2006). The 
ham made from these acorn-eating 
pigs is the highly-valued jamón 
ibérico de bellota. Previously the 
acorns were also used as food for 
humans, but have been replaced by 
cereal grains (Costas 2013). The 
acorns are also used to flavor some 
beverages. In Spain, low-tannin 
acorns with absence of bitterness 
are commonly known as “sweet 
acorns,” or bellotas dulces. The 
level of tannins varies greatly from 
tree to tree: acorns of some trees may 
be eaten like chestnuts, in no need 
of leaching prior to consumption. 
(Gea-Izquierdo et al. 2006).

Quercus ilex subsp. rotundifolia

Quercus ilex subsp. rotundifolia is not threatened as a species but there is decline 
in some areas due to land management practices. High livestock density decreases 
regeneration, and soil compaction can increase disease risk (Moreno et al. 2009). The 
loss of trees in these areas may result in permanent grassland areas. Individual trees 
cannot regenerate in arable fields because of soil tilling and may be removed as an 
obstacle to irrigation systems. Extensive land management practices (such as excluding 
livestock from areas or neglecting to cut and maintain the vegetation) increases shrub 
undergrowth, which increases fire risk that can lead to permanent loss of trees and the 
genetic diversity they represent. Similarly, trees removed for agricultural practices also 
represent a loss in genetic diversity that may be important for the conservation of low-
tannin acorn-producing trees.

Observations on two fincas, one in Andalusia and one in Extremadura, generally revealed 
trees with low-tannin acorns near the houses and also that the finca in Extremadura had 
more trees producing low-tannin acorns, but this may be due to yearly climate variation. 
Research should be undertaken to show what the relationship is between level of tannins 
in acorns and climatic factors. Given the historically known value of acorns as food 
for both humans and domesticated animals, their potential as a future important food 
source is worth considering. In this context it is necessary to identify genetic stocks of 
trees that produce acorns of low-tannin content: since they require less processing before 

Quercus ilex subsp. rotundifolia in Iberian Dehesas 
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Photo 2/ Acorn-based beverages made in Extremadura. 
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consumption, they have a higher food value. It would appear that such trees are rare, and 
efforts should be made to identify them for selective purposes. Identifying patterns and 
occurrence of low-tannin trees could also be an indication of past human influence (for 
example, selective planting of low-tannin acorns) (Gea-Izquierdo et al. 2006). These 
trees are also useful in stabilising landscapes, thus reducing erosion while helping the 
soil retain moisture (useful functions in the context of climate change scenarios). 

In-situ and ex-situ conservation

Ideally, the first steps for developing good in-situ conservation practices could be put 
in place in the dehesas. These practices would include identifying individual plants that 
produce low-tannin acorns, mapping them, and observing their behavior over a number 
of years. Access to private land and permission to work with the trees is an important 
issue that needs to be addressed. As yet, no standard practice for quantifying tannin levels 
and their variation has been developed.

Ex-situ conservation can only be developed with successful propagation techniques 
(through cuttings or in vitro). Designated conservation sites in Spain and Portugal could 
then be planted with trees propagated from the dehesas. Selecting such sites should take 
into consideration that areas with high precipitation allow denser planting.

Ex-situ conservation locations should fulfill several roles: 1) as a gene bank of low-
tannin acorn-producing Q. ilex subsp. rotundifolia; 2) as a research plot, once the site is 
developed and trees are fruiting, to measure variation in tannin and the factors affecting 
this; 3) as a space legally open and accessible to all. 

Photo 3/ The elongated and pointy acorns of Q. ilex subsp. rotundifolia.
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In the long term, with a view to developing acorns as a food source, planting trees 
along roads, for example, would provide easy access to acorns for everyone, and use for 
agroforestry purposes should be encouraged to increase the number of trees producing 
low-tannin acorns. 

Questions for further research

1) Which area of the southwestern Iberian Peninsula has the highest density of Q. ilex 
subsp. rotundifolia with low-tannin acorns?

2) Where in the dehesas are most of the low-tannin acorn trees found?
3) Does precipitation have an influence on tannin content of the acorns?
4) Is there a variation in tannin content in years of low yield?
5) Is Q. ilex subsp. rotundifolia sufficiently viable to warrant the development of 

commercial production of acorns on a greater scale? 
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282

Photographers. Title page: Hendrik Brand (Quercus ilex subsp. rotundifolia). Photos 1-4: Hendrik 
Brand.

Works cited

Costas, C.L. 2013. Manual de cocina bellotera para la era post petrolera. Licencia Creative Commons Atribución-Compartirlgual 
3.0 Unported.

Gea-Izquierdo, G., I. Cañellas, and G. Montero. 2006. Acorn production in Spanish holm oak woodlands. Invest Agrar.: Sist. Recur. 
For. 15 (3): 339-354.

Moreno, G., M. Vivas, A. Pérez, E. Cubera, M. Madeira, and A. Solla. 2009. Soil properties linked to Phytophthora cinnamomi 
presence and oak decline in Iberian dehesas. Geophysical Research Abstracts Vol. 11, EGU2009-13868-1, 2009.

Olea, L., and A. San Miguel-Ayanz. 2006. The Spanish dehesa. A traditional Mediterranean silvopastoral system. Presentation at the 
21st General Meeting of the European Grassland Federation (Badajoz, Spain).

International Oaks, No. 30, 2019



283

A Sustainable Future for Use of 
Notholithocarpus densiflorus Acorns

Frank K. Lake
USDA Forest Service Pacific Southwest Research Station

1700 Bayview Dr. 
Arcata, CA 95521, USA

franklake@fs.fed.us

ABSTRACT

Notholithocarpus densiflorus (tanoak) acorns continue to be a cultural food staple of 
American Indian tribes in the Klamath-Siskiyou bioregion. Tribal traditional knowledge of 
these trees includes changes with climate, fire regimes, and forest dynamics coupled with 
cultural adaptive stewardship practices. Recent prolonged drought, wildland fires, and other 
climatic and non-climatic threats and other stressors are affecting not only acorn production, 
but also the tribal cultures that depend upon tanoaks across the landscape to provide a range of 
cultural and ecosystem services. The objective of this research was to synthesize the available 
traditional and Western scientific data about N. densiflorus stewardship practices to promote 
acorn-food security. A cross-scaled research framework was developed to investigate which 
metrics and indicators are important for assessing changes in the condition of: N. densiflorus 
codominant forests across the landscape, tribal orchards, individual heritage trees, and in 
the quality of acorn food. Trial field experimental research approaches integrated tribal and 
Western scientific knowledge to determine the desired ecological conditions for N. densiflorus 
forests as well as the factors involved in acorn production and the tribal use of orchards, 
including tree-specific characteristics. This cross-scale, interdisciplinary, multiple-method 
research approach provides insights about climate and fire effects on acorn production. 
The range of methods includes aerial LiDAR to characterize forests, acorn gathering-site 
condition surveys, tribal acorn-foraging trials, and individual acorn-quality assessments. 
This information is being used to develop current tribal food-security-associated climate-
adaptation strategies. Tribal knowledge and stewardship practices of the Karuk and Yurok 
Tribes of northwestern California are used as case-study examples.
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Introduction

Notholithocarpus densiflorus (tanoak) acorns1 continue to be a cultural food staple of 
American Indian tribes in the Klamath-Siskiyou bioregion of northwestern California 
and southwestern Oregon (Bowcutt 2013; Halpern 2016). Tribal knowledge of N. 
densiflorus includes changes with climate, fire regimes, and forest dynamics coupled 
with cultural, adaptive, stewardship practices. Drought, fires, and other climatic and non-
climatic threats and stressors are affecting not only acorn production, but also the tribal 
cultures that depend upon tanoaks across the landscape to provide a range of cultural 
and ecosystem services (Voggesser et al. 2013). The objective of this research was to 
synthesize data about N. densiflorus stewardship practices to promote acorn-food security 
as a pyro-agroforestry systems approach (Rossier and Lake 2014). Tribal knowledge and 
stewardship practices of the Karuk and Yurok Tribes of northwestern California are used 
as case study examples (Rossier and Lake 2014; Halpern 2016).

Methodology and results

A cross-scaled research framework was developed to investigate which metrics are 
important for assessing changes in the condition of: N. densiflorus codominant forests 
across the landscape, tribal orchards, individual heritage trees, and the quality of acorns 
used for food. Trial field experimental research approaches integrated tribal and Western 
scientific knowledge to determine the desired ecological conditions for N. densiflorus 
forests as well as the factors involved in acorn production and the tribal use of orchards, 
including tree-specific characteristics. This cross-scale, interdisciplinary, multiple-
methods research approach provides insights about climate and fire effects on acorn 
production and tribal-food security (Lake 2013). The range of methods includes aerial 
LiDAR to characterize forests, forestry plots and acorn gathering-site condition surveys, 
tribal acorn foraging trials, and individual acorn quality assessments.

N. densiflorus forest and fire ecology can be evaluated using ecological characteristics, 
sociocultural elements, and metrics across scales ranging from: region to landscape, 
habitat to patch/stand, individual trees to acorns. Each scale, component, and applicable 
metric is presented in Figure 1. At the regional scale the main ecological characteristics 
are variations of weather due to climate (Lenihan et al. 2008; Young et al. 2018). For 
example, annual precipitation and high and low temperatures influence the levels of 
pests and acorn production. The regional sociocultural elements are the broader tribal 
communities’ need for high-quality acorns for ceremonial and family meals (Ortiz 2008). 
The regional metrics used are snow-water equivalent, Palmer drought index, disease/
pathogen infection, and the tribal population that consumes acorn food products. 

At the landscape scale, changing fire regimes is the main ecological characteristic 
(Lake 2013; Tepley et al. 2017), and the sociocultural element is acorn gathering access 
at locations that have had recent fuel reduction treatments and wildland fire effects. 
Metrics used by scientists and managers at the landscape scale include: Fire Return 
Interval, severity and extent of wildland fires, and tribal gatherers’ opportunity to access 
and secure acorns in multiple locations.

At the habitat scale, the ecological characteristics within the temperate, mesic, 
mixed conifer-hardwood forest (that includes predominately Pseudotsuga menziesii 

1. The acorns of both N. densiflorus var. densiflorus and N. densiflorus var. echinoides are used.
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and N. densiflorus with other conifers and hardwoods) are competition between tree 
species, the community assemblage of species resulting from fire regimes, pathogen/
disease, forest management, and resultant wildlife use (Ortiz 2008; Bowcutt 2013).  The 
sociocultural elements at the habitat scale are the relationships with land-use history 
(e.g., ancestral tribal lands, European colonization, fire suppression, forest management, 
and collaborative landscape forest restoration) and existing tribal community knowledge 
of suitable acorn gathering places (Lake 2013; Bowcutt 2013; Rossier and Lake 2014). 
Habitat metrics that scientists and managers are using with remote sensing (e.g., aerial 
LiDAR) and conservation planning include the proportion of N. densiflorus to other trees 
and to other threatened, endangered and sensitive species, e.g., Pekania pennanti (Pacific 
fisher), and Strix occidentalis caurina (northern spotted owl); and, in cultural terms, the 
number of experienced acorn practitioners among the Karuk and Yurok Tribes. 

At the patch/stand scale, the ecological characteristics include: elevation, aspect, 
slope, basal area, trees per hectare, dominant tree-age, canopy cover/light, fuel loading 
(e.g., ground, surface, ladder, and canopy/crown bulk density), the site’s disturbance/
fire history (e.g., fire exclusion, tree densification, timber harvesting, disease, thinning, 
and burning), and understory vegetation diversity. Sociocultural elements at the patch/
stand are: how access is affected by topography, the density of understory vegetation-
fuels affecting acorn gathering (foraging), management factors that promote more open 
N. densiflorus tree growth, and site vegetation. The metrics used for the patch/stand are: 
the proportion of these trees burned with desirable fire effects (e.g., lower intensity/
severity, minimal surface, and ladder fuels), access, and mobility related to distance from 
road or trail (e.g., for elders and youth-intergenerational teaching). Other factors such 
as the presence and quality of other habitat associates like Vaccinium ovatum (evergreen 
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Figure 1/ Scale, component and applicable metric for evaluating Notholithocarpus densiflorus forest 
ecology.
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huckleberry) and Trichloma matsutake (matsutake mushrooms) are ecologically and 
culturally important. It should be noted that many N. densiflorus-dominated stands with 
a legacy of tribal stewardship and use are historical orchards. Within fixed-area forestry 
inventory plots (30 meters in diameter), all trees with a DBH greater than 7.5 cm were 
sampled to determine species, height, crown position (e.g., open, dominant, codominant, 
intermediate, suppressed), and height to live crown (the distance to the first main 
branches). Also sampled were two groups of saplings and seedlings: those with a DBH 
between 2.5 to 7.5 cm, and those with a DBH between 0 and 2.5 cm respectively); shrub 
cover was sampled as well. Surface fuels were sampled along four 15-meter transects in 
each cardinal direction. Additionally, tribal cultural practitioner evaluations of the plots 
or similar sites, ranked as good, moderate, or poor, were used. The combined plot of tree 
measurements and fuel summary statistics, LiDAR point cloud imagery, and cultural use 
condition rank were used to classify the site. 

At the tree scale, the main ecological characteristics are: age, diameter (DBH), height, 
canopy volume (crown area/position), 
acorn size, and the masting cycle or year-to 
year-production of acorns. Related are the 
sociocultural elements for individual trees: 
the understory conditions, topography 
(biophysical setting), tree phenology 
around the time of acorn gathering (e.g., 
late summer infertile acorns, later summer/
early fall pest-infested acorns, and fall 
good-quality acorn drop), the density of 
canopy and fallen acorns, acorn size and 
quality, and what wildlife are consuming 
acorns. For example, at the Lake Property, 
under Tree # 4 on October 6, 2016, 1,329 
acorns were gathered in 50 minutes in an 
area of 3 × 4 meters. 

At the acorn scale, ecological 
characteristics and sociocultural elements 
of importance are their size, the presence 
of pests and the level of mold and infection  
by, for example, Curculio occidentalis. 
(filbert weevil) and Cydia latiferreana 
(filbert worm moth), nutmeat quality, 
moisture, tannins, and nutrient content. 
To investigate changes in acorn quality 
pre- and post-fuels treatment, and after 
wildland fire, the acorn crop was evaluated 
at a few sites using the tribal criteria of 
accessibility, abundance, and proportion of 
good acorns  (Halpern 2016). The metric 
of importance is the amount of edible 
nutmeat and, collectively, after gathering 
and processing acorns for consumption, the 

Photos 1a-b/ Collecting acorns in 2016 at the Lake 
property: 1,329 acorns in 50 minutes. 

a

b
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total amount of “one-cup servings” of soup for ceremonial and family-home consumption 
each year.

Fall-gathered acorns (usually September to November of each year) were dried in 
boxes, racks, or sacks where adequate warmer air temperatures could dry out the acorns. 
Once acorns were dry enough (after 2 months to 1 year), they were externally and 
internally evaluated. Each host tree of a site was the sample unit and each collecting 
period (date/year) was a sampling batch, from which a subsample of acorns was examined 
for external presence of insect/pest damage-holes, scars, mold, or cracks. Acorns were 
measured with calipers (length × width in mm), then cracked and the amount of edible 
good nutmeat assessed. Each sample batch was dried (at room temperature > 16 ˚C, or 
oven dried) and the total proportion of edible good nutmeat to waste (shells, rotten nut 
tissue) was determined. Additionally, following the cultural practice of making acorn 
flour for soup, samples were leached, and then cooked to make acorn soup. Leaching 
generally consisted of running clean non-chlorinated water over and through the acorn 
flour for 3-4 days, with occasional mixing to remove tannins after which the flour was 
allowed to drain. Generally, six cups of coarse, ground acorn flour was leached and then 
cooked with one gallon of water on a stove top (as modern acorn soup is made). From 
each batch of cooked acorn soup, two cups were extracted, placed in a one-pint canning 
jar and then oven-dried at 100 ˚C for 48 hours. The pre-dry (wet) weight and post-dry 
weight were noted to estimate the equivalent dry weight (grams) of acorn flour (in the 
form of dried crust or “cracker”) to liquid-water content. For example, a one-cup serving 
of acorn soup when dried had between 15 and 20 grams of dried edible acorn cracker. 

Conclusion

A range of ecological and sociocultural factors at different scales influence both the 
condition of N. densiflorus forest and acorn use for tribal food security (Fig. 2). Climatic and 
environmental conditions affect tree health and acorn production. Using remote sensing with 
aerial LiDAR and ground-based forestry plot inventories combined with tribal practitioner 
surveys and acorn evaluation is an interdisciplinary multiple-method approach (Lake 2013; 
Halpern 2016). Preliminary research results inform scientists and managers of the tribal 
practitioner’s perspective on what characteristics support acorn food security (Rossier and 
Lake 2014). This research supports the Western Klamath Restoration Partnership and Karuk 
Tribe-University of California Berkeley Collaborative’s Agroforestry projects (Rossier 
and Lake 2014; Lake et al. 2018). Climate, management, treatments, and fire affect site 
conditions and acorn quality, which in turn influence tribal access and foraging/gathering 
efficiency. Traditional acorn knowledge as a fine scale evaluation approach can inform 
collaborative landscape restoration strategies, influence wildland fire management, and be 
incorporated into tribal climate-vulnerability assessments and adaptation planning efforts 
(Gilles 2017; Lake et al. 2018). Climatic and non-climatic stressors, including drought, 
fire, and pathogen/disease that affect N. densiflorus-dominated forests, also directly impact 
and influence tribal acorn cultural and consumption practices (Ortiz 2008; Bowcutt 2013; 
Halpern 2016). Many Karuk and Yurok families use the groves or orchards on tribal, 
private, and public lands that have been used for generations (Bowcutt 2013; Rossier and 
Lake 2014). This information is informing current tribal food security efforts associated 
with eco-cultural restoration strategies. 
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Photographers. Title page: Michel Timacheff (Notholithocarpus densiflorus var. 
densiflorus). Photos 1a-b: Frank K. Lake.
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ABSTRACT

 Quercus kelloggii (California black oak) hybridizes with some live oaks to form 
distinctive trees with persistent leaves. One such hybrid, reported as Q. ×morehus (oracle 
oak), was collected from Santa Cruz Island in the Channel Islands of California, USA, nearly 
a century ago. This collection was peculiar because neither Q. kelloggii nor the other parent, 
Q. wislizeni (interior live oak), are known from the Island. In the summer of 2017, a contractor 
discovered a tree from which a specimen at Rancho Santa Ana may have been collected, as 
well as two hybrid saplings. Analysis of nuclear and chloroplast DNA microsatellite results 
suggested the trees are most similar to Q. agrifolia (coast live oak) and Q. parvula var. parvula 
(Santa Cruz Island oak), which are both common on the Island. This result suggests that the 
hybrid might be considered Q. ×chasei, (Chase oak) which is a cross between Q. kelloggii 
and Q. agrifolia, although it appears to be a three-way combination. We consider whether 
birds or Native Americans may have brought acorns of either the hybrid or Q. kelloggii to 
the Island, as has been suspected for a number of other plant and wildlife species, or whether 
long-distance pollenization might explain the hybrid. Resolving the identity of these isolated 
trees remains a work in progress, due to the complexity of these introgressed populations and 
the need for additional sampling. The distinctive chloroplast DNA in the hybrid is a reason to 
conserve and possibly restore the habitat of this isolated remnant of oak diversity.
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Introduction

Quercus kelloggii (California 
black oak) extends from southern 
Oregon throughout much of 
California (Fig. 1). It hybridizes with 
live oak species to form distinctive 
trees with persistent leaves. Five 
collections were made from a lone 
tree on Santa Cruz Island described 
as Quercus ×morehus (oracle oak): 
by John Thomas Howell on 12-13 
April 1931 and by Carl B. Wolf and 
R. Hoffmann on 20 March 1932. One 
of those collections is Rancho Santa 
Ana accession number RSA4546, 
a specimen held and provided by 
the herbarium of the Santa Barbara 
Botanic Garden. In the 1980s, oak 
expert Cornelius Muller told Steve 
Junak, the recently retired curator 
of the Garden’s herbarium, that he 
had observed and collected a Q. 
kelloggii on Santa Cruz Island but 
we have been unable to find evidence 
of such a collection. However, in 

the summer of 2017, a contractor discovered an apparent hybrid Q. kelloggii, which may 
be the tree from which RSA4546 was collected, as well as two hybrid saplings (Fig. 2). 

The description of the hybrid as Q. ×morehus was peculiar because there are no known 
collections of Q. kelloggii or the other parent, Q. wislizeni (interior live oak), from the 
Island. Candidate species for the other parent included Q. agrifolia and Q. parvula var. 
parvula (Santa Cruz Island oak, which is closely related to Q. wislizeni (Dodd et al. 
2002). We sought to identify the nature of these hybrid trees by examining their DNA. 
Such evaluation could yield insights regarding how these isolated trees developed. 

Methodology

Two of the authors (Richard Dodd and Angel Fernandez i Marti) extracted DNA 
from a leaf sample from the RSA4546 herbarium specimen and from a leaf sample of a 
sapling hybrid on Santa Cruz Island and from leaves of 17 samples of Q. agrifolia and 21 
samples of Q. parvula var. parvula from the Island, provided by another of the authors 
(John Knapp). DNA was extracted using a modified CTAB procedure (Cullings 1992). 
A panel of primer pairs was used to amplify 12 nuclear and 5 chloroplast microsatellite 
loci using PCR protocols described previously (Dodd et al. 2008). The amplified DNA 
samples were run on an ABI 3730 Sequencer and fragment sizes were analyzed using 
Genemapper software. Fragment sizes were compared with archived data, maintained 
by one of the authors (Richard Dodd), from a large number of populations covering the 
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Figure 1/ Range of Quercus kelloggii.
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ranges of the Western Red Oak species. In addition, a RadSeq genomic DNA library 
of the sapling hybrid leaf sample and a subsample of Q. agrifolia and Q. parvula var. 
parvula from Santa Cruz Island were run on an Illumina HiSeq DNA Sequencer to detect 
sequence variants among the samples. The leaf sample of the hybrid was unfortunately 
too dry to obtain good DNA for that more detailed genetic sequencing.

Results and discussion

Chloroplast DNA
The chloroplast DNA for five microsatellite loci was identical in the sapling hybrid 

and all individuals of Q. agrifolia and Q. parvula var. parvula from the Island. Because 
chloroplast DNA is inherited from the maternal plant, these results suggest that the 
populations of Q. agrifolia and Q. parvula var. parvula are introgressed, with one of 
the parental species having supplanted the chloroplast DNA of the other. The inability 
to distinguish the chloroplast DNA of all individuals of these two taxa is best explained 
by immigration of one of them onto the Island while the other was already resident. 
Chloroplast DNA of RSA4546 did not match the sapling hybrid, nor any other samples, 
although it was most similar to Q. agrifolia. If the tree represented by RSA4546 is one 
parent of the hybrid sapling, then it must have been the pollen parent since their chloroplast 
DNA is different. The other parent would likely have been an already introgressed form 
of Q. agrifolia and Q. parvula var. parvula.

Chasing Quercus kelloggii on Santa Cruz Island

International Oaks, No. 30, 2019

Figure 2/ A hybrid oak tree, apparently Quercus ×chasei (left), which may be the tree from which 
RSA4546 was collected nearly a century ago, along with two hybrid saplings (right), located in the 
summer of 2017 on Santa Cruz Island.
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Nuclear DNA
The analysis of nuclear DNA of Q. parvula var. parvula and Q. agrifolia failed to show 

any segregation by species, supporting the findings of extensive genetic mixing that is 
indicated by chloroplast DNA. Morphologically, many samples display some intermediate 
foliar characteristics. When the tree from which it is thought RSA4546 was collected, the 
sapling, and the samples of Q. parvula var. parvula and Q. agrifolia from the Island were 
analyzed along with archived genotypes of all Red Oaks from California, RSA4546 and 
the hybrid sapling showed mixed ancestry that included Q. agrifolia and Q. parvula var. 
parvula. No ancestry from Q. kelloggii was detected. This suggests that RSA4546 was 
already introgressed with Q. agrifolia and Q. parvula var. parvula and was not a first-
generation hybrid with Q. kelloggii. The admixture estimates of RSA4546 show almost 
equal proportions of Q. agrifolia and Q. parvula var. parvula, while the hybrid sapling 
showed an increased proportion of Q. agrifolia.

Origins of the hybrid
The importance of Q. agrifolia in the results suggests that the tree might be best 

described as Q. ×chasei (Q. kelloggii × agrifolia). The nearest specimens of that hybrid 
have been reported hundreds of miles north on the California mainland, but not in Santa 
Barbara County (Fig. 3). One possibility is that Q. kelloggii arrived on the Island via 
birds. American blue jays have been reported to move acorns up to 1.9 km (Darley-Hill 
and Johnson 1981), yet the distance between the island and the mainland is over 30 km, 
and over 64 km to the nearest recorded populations of Q. kelloggii or its hybrids (Figure 
3). The Island was never connected to the mainland, but the distance between them was 
narrower, perhaps as little as 7 km, during the last 20,000 years (Erlandson et al. 2011). 
It is possible that the hybrids are a relict of a Pleistocene dispersal.

Figure 3/ Location of Quercus kelloggii (green circles) and hybrids (bi-colored circles) described as Q. 
×morehus, including the specimen on Santa Cruz Island collected in the 1930s.
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Another scenario is that Native Americans, specifically, Chumash people who inhabited 
both the Island and the nearby mainland, transported the hybrid or Q. kelloggii to the 
Island. Several other species on the Channel Islands have been identified as possibly 
reflecting influence of native Chumash, including Nicotiana sp. (tobacco) (Anderson 
2005), Berberis pinnata subsp. insularis (the rare island barberry), and Urocyon littoralis 
(island fox) (Collins 1991). Furthermore, Backs and Ashley (2016) speculated that Native 
Americans might have been responsible for spreading Q. pacifica (Channel Island scrub 
oak), across the three Channel Islands where it occurs. Previously, Rogers-Martinez (1992) 
had suggested that Native Americans might have transported and cultivated hybrid oaks. 
In particular, he noted that Native Americans might have wanted to cultivate Q. kelloggii 
or its hybrids due to its palatability. Anthropologist and Coast Miwok David Peri, has 
speculated that such activities might have given rise to Q. wislizeni by planting acorns 
of Q. agrifolia in interior areas. However, genetic analyses indicate that Q. wislizeni and 
Q. agrifolia diverged millions of years ago (Hauser et al. 2017). On Santa Cruz Island, 
archaeological evidence indicates that native Chumash people used acorns for ~7,500 
years (although the specific species they were using cannot be clearly identified) though 
at relatively low levels compared to other plant foods (Gill and Erlandson 2014).

Another possibility is that Q. kelloggii pollen reached the Island, as Backs and Ashley 
(2016) note that pollen was likely to be distributed between the Islands across long 
distances (as much as 80 km) of open ocean. Populations of Q. kelloggii, and reported 
Q. ×morehus, occur 64 km to the north in the San Rafael Mountains, and one collection 
of a hybrid Q. kelloggii (described as “morehus”) was made in 1988 from the Hollister 
Ranch at Point Concepcion, which lies approximately 77 km northwest. These locations 
are consistent with prevailing winds. Under this scenario, which seems largely consistent 
with the DNA results, pollen from a mainland Q. kelloggii ancestor combined with 
distinctive chloroplast DNA from a maternal Q. agrifolia (or Q. parvula var. parvula) 
(Fig. 4). There was then a long period of mixing with other Q. agrifolia and Q. parvula 
var. parvula, which gave rise to the hybrid tree (RSA4546) that lacks clear Q. kelloggii 
DNA markers and has a distinctive maternal DNA. Then pollen from that tree may have 
mixed with resident oaks (Q. agrifolia and Q. parvula var. parvula) to create the saplings. 
More advanced genetic analysis of higher quality samples may elucidate how long the 
hybrids have been isolated from Q. kelloggii and where the closest parent populations 
might exist on the mainland.

Conclusion

Natural historians and oak enthusiasts may want to further explore the Island to 
better inform conservation and restoration efforts. The Nature Conservancy, National 
Park Service, and researchers have been working to conserve biodiversity and restore 
oak populations on this Island, which had been severely impacted by introductions of 
cattle and other non-native ungulates, woodcutting, and other changes to vegetation and 
fire regimes. These isolated populations constitute distinctive genetic diversity. The few 
apparent collections of Q. kelloggii in the areas closest to the Channel Islands, along 
with some reported collections of Q. ×morehus, suggest either that such specimens are 
extremely rare or underreported. Further exploration of Santa Cruz Island may reveal 
whether there are more hybrids, or possibly even a remnant Q. kelloggii. Because the 
islands are the aboriginal homelands of Chumash people, restoration strategies should 
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consider the cultural significance of species such as oaks that were traditionally so 
important to Chumash people. It is possible that the hybrid oak, RSA4546, is not simply 
a biological oddity, but also a legacy of tribal influence. Regardless of its origins, it could 
be an important symbol of broader restoration efforts on the Island.

Photographers. Title page: Béatrice Chassé (Santa Cruz Island). Photos in Fig. 2: Snageet Khalsa. 
Photos in Fig. 4: Snageet Khalsa and Jonathan W. Long.

Works cited

Anderson, M.K. 2005. Tending the wild: Native American knowledge and the management of California’s natural resources. 
Berkeley: University of California Press.

Backs, J.R., and M. V. Ashley. 2016. Evolutionary history and gene flow of an endemic island oak: Quercus pacifica. American 
Journal of Botany 103(12): 2115-2125.

Collins, P.W. 1991. Interaction between island foxes (Urocyon littoralis) and Indians on islands off the coast of southern California: 
I. Morphologic and archaeological evidence of human assisted dispersal. Journal of Ethnobiology 11(1): 51-81.

Cullings, K.W. 1992. Design and testing of a plant-specific PCR primer for ecological and evolutionary studies. Molecular Ecology 
1(4): 233-240.

Darley-Hill, S., and W.C. Johnson. 1981. Acorn dispersal by the blue jay (Cyanocitta cristata). Oecologia 50(2): 231-232.
Dodd, R.S., Z. Afzal-Rafii, and W. Mayer. 2008. Molecular markers show how pollen and seed dispersal affect population genetic 

structure in coast live oak (Quercus agrifolia Née). In  Proceedings of the Sixth California Oak Symposium: Today's Challenges, 
Tomorrow's Opportunities, General Technical Report PSW-217, edited by A. Merenlender, D. McCreary, and K.L. Purcell, pp. 
485-495. Albany, CA: USDA Forest Service, Pacific Southwest Research Station.

Dodd, R.S., N. Kashani, and Z. Afzal-Rafii. 2002. Population diversity and evidence of introgression among the black oaks of 
California. In Proceedings of the Fifth Symposium on Oak Woodlands: Oaks in California's Changing Landscape, General 
Technical Report PSW-184, edited by R.B. Standiford, D. McCreary, K.L. Purcell, pp. 775-785. Albany, CA: USDA Forest 
Service, Pacific Southwest Research Station.

Erlandson, J.M., T.C. Rick, T.J. Braje, M. Casperson, B. Culleton, B. Fulfrost, T. Garcia, D.A. Guthrie, N. Jew, D.J. Kennett, M.L. 
Moss, L. Reeder, C. Skinner, J. Watts, and L. Willis. 2011. Paleoindian seafaring, maritime technologies, and coastal foraging on 
California’s Channel Islands. Science 331(6021): 1181-1185.

Gill, K.M., and J.M. Erlandson. 2014. The island Chumash and exchange in the Santa Barbara Channel region. American Antiquity 
79(3): 570-572.

Hauser, D.A., A. Keuter, J.D. McVay, A.L. Hipp, and P.S. Manos. 2017. The evolution and diversification of the red oaks of the 
California Floristic Province (Quercus section Lobatae, series Agrifoliae). American Journal of Botany 104(10): 1581-1595.

Rogers-Martinez, D. 1992. Northwestern Coastal Forests: The Sinkyone Intertribal Park Project. Ecological Restoration 10(1): 
64-69.

Figure 4/ Possible scenario to account for the origin of the hybrid specimens on Santa Cruz Island.



295

Cork Wars in World War II: 
Oaks, Espionage and National Security

David A. Taylor
Science Writing Graduate Certificate Program

Johns Hopkins University
Baltimore, MD, USA
david.taylor@jhu.edu

ABSTRACT

This paper shares a compelling piece of oak history and California history. In the 1940s, 
when cork was a modern material crucial to America’s war effort, youth clubs and state 
governors were planting Quercus suber (cork oaks) to make the country free of dependence 
on foreign sources. 

By 1940 the United States imported nearly half the world’s production of cork, for industries 
ranging from bottle caps to automobiles, flooring, various forms of insulation, and bomber 
airplanes. When Germany blockaded the Atlantic trade, the shortage of cork from Europe 
became a threat to national security. Then when a factory fire in Baltimore stirred an FBI 
investigation for sabotage, the entire industry was pulled into the war effort, from corporate 
espionage in Portugal to a nationwide tree-growing campaign. 

The paper draws on research from the author’s new book, Cork Wars: Intrigue and Industry 
in World War II (Taylor 2018). It looks at the system from Portugal’s montado oak forests to 
the American tree-growing campaign, in which a dozen state governors brandished shovels 
to promote a patriotic cause. In addition to telling this story, the paper shares the discovery 
process and research process, from conducting survivor interviews to uncovering declassified 
records in the National Archives. 
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Introduction

My talk is about an episode of oak history that few people remember, involving the 
human-tree bond that Emily Griswold mentioned the first day of the 9th International Oak 
Society Conference. California plays a central role in that episode. Drawing on research 
for my book coming out in December from Johns Hopkins University Press, this talk 
highlights both how essential cork was to modern life at that time, and an early tree-
growing campaign.

In 1940, cork was a key ingredient of the industrial world. Quercus suber had been an 
important item of trade for centuries. But its value as a sealant for industry was amplified 
in the 1890s, when an accidental invention yielded “composition cork,” essentially a 
granulated product used as an adaptable seal in the age before plastic. Following that 
discovery, cork became an irreplaceable ingredient of manufacturing, including the 
making of defense equipment: it was in everything from bomber-plane gaskets and 
insulation, to tanks, submarines, cartridge plugs, and bomb parts. Because of cork’s 
physical properties, the American cork industry was now a matter of national security. 
By 1940 the United States imported nearly half of the world’s cork production.

Crown Cork and Seal

In 1939 when Nazi Germany blockaded the Atlantic trade, suddenly all imported 
materials were scarce. That shortage was especially marked for Crown Cork and Seal, 
a Baltimore-based company led by a man named Charles McManus. McManus liked to 
bet on long shots. He considered himself a long shot too. A high-school dropout, he had 
discovered a profitable version of composition cork, and it made him wealthy. Through 
the decades his company had grown to where it was producing half the world’s bottle 
caps. 

Then a 15-alarm fire at the company’s Baltimore factory in September 1940 destroyed 
a year’s supply of the cork inventory. Almost as disastrous as the fire was the attention 
in the press. The fire was rumored to be sabotage. Although this was never proven, it 

highlighted the fact that the U.S. 
cork industry was vulnerable. Cork 
soon joined a list of “strategic 
materials” rationed for the war 
effort, along with gasoline, shellac, 
and rubber for tires. The U.S. 
Commerce Department restricted 
cork’s commercial use to guarantee 
defense stocks.

At the source, in Europe’s Q. 
suber forests, Portuguese suppliers 
of cork faced the risk of a big increase 
in American demand, motivated 
by the U.S. defense program. At 
the same time, the Portuguese felt 
pressure to triple their cork exports 
to Germany. German buyers were 
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Photo 1/ Woodbridge Metcalf with the tools he assembled 
for harvesting cork.
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already scooping 40 percent of Spain’s cork exports. 
McManus had two factories in California. California, he hoped, held the solution 

to his supply problem with the Nazi blockade. During a 1939 visit to San Francisco, 
McManus and colleagues had taken a drive out to the Napa Valley. Beside the road he 
saw a familiar-looking tree. He said, “That looks like a cork tree.” 

They stopped and got out. Someone took out a penknife and cut off a piece of the bark. 
It sure felt like cork. But how did it get there? Over a century earlier, Thomas Jefferson 
and others on the East Coast had tried to grow cork oaks from acorns but failed due to the 
loss of acorn viability in the crossing from Europe. So McManus was surprised to find Q. 
suber growing on the West Coast. He recruited a horticulturist to check into this mystery. 
They would survey all the cork oaks they could find in California from north to south, 
and test the quality of the cork they produced. That would guide the collection of acorns 
from those individuals, and propagation with plantings across the country, to see if the 
California trees were locally adapted and might grow elsewhere in America.

It was a long shot, but facing the prospect of a long war, the industry didn’t have good 
options. McManus saw a tree-growing campaign as a possible path out of his supply 
problem.

Woodbridge Metcalf and the McManus Cork Project

His investigator on the ground 
was a forester named Woodbridge 
Metcalf, a professor at the 
University of California at Berkeley 
known for his study of firefighting 
methods. Metcalf was fascinated 
by California’s plant life, and in 
his travels through the state, Q. 
suber had caught his eye. He found 
that some of the earliest plantings 
stemmed from a shipment of acorns 
arranged by the Patent Office in San 
Francisco in 1858. Since Thomas 
Jefferson’s time, faster ships made 
it possible to keep the acorns viable, 
so settlers managed to grow the 
species in various parts of the state. 
As Anglo culture came to dominate 
in the years after statehood, the knowledge of how to harvest cork was lost. The trees 
grew for decades, the cork ripe for peeling but untouched.

Metcalf and his team then worked to track down every Q. suber in the state, and 
see which individuals were best adapted to different climate zones nationwide. Their 
detective work informed the McManus Cork Project. Its goals: to make America free of 
dependence on foreign supplies; to popularize Q. suber selections adapted to the North 
American climate; and to get families involved in growing trees. The project would 
bring a flourishing of rural businesses and feed the industry in an environmentally and 
economically sustainable way. 

Cork Wars in World War II: Oaks, Espionage and National Security
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Photo 2/ Workers of the McManus Cork Oak Project 
weighing the cork harvested in California before shipping it 
to Baltimore for testing. 
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At Berkeley, Metcalf assembled an odd assortment of tools: a back-bending saw, a 
Portuguese ax, a wooden mallet, and an item fashioned from a car’s spring leaf – a 
compound coil of metal strips, essentially a rib spreader for a tree. Metcalf designed 
some of the tools himself. When he couldn’t find anyone who had ever stripped a cork 
oak, he went to a saw manufacturer in Chico, three hours away, to make pruning saws 
with the teeth on the outside of the curve. That specially adapted saw became what 
Metcalf used to make the first vertical cut through the cork layer, to avoid damaging the 
inner cambium. 

Metcalf scribbled clues to Quercus suber’s early California history in a little notebook. 
“Emory E. Smith,” he wrote, “cut corks and displayed them at Chicago [World’s] Fair in 
1890 at White City.” The cork for the Fair had come from trees north of San Francisco; 
other trees grew in Golden Gate Park. Emory Smith had even visited Spain, where he’d 
seen a thousand people working a cork harvest near Gibraltar. Metcalf’s notebooks of 
such discoveries are in the collection of the U.C. Berkeley Library.

When Metcalf’s survey of California’s cork trees was complete, the team conducted 
chemical analyses and assessed propagation methods. Then the crew gathered acorns 
from the best individuals. In its first fall, the operation stripped 248 trees of various sizes, 
from Napa down to Los Angeles. That harvest amassed more than five tons of cork.

California residents didn’t get much advance word of what would happen to their 
trees. No letter. If Metcalf’s team spotted a big cork tree in a front yard, they would knock 
on the door. Metcalf would introduce himself and say, “Now, we would very much like to 
strip this tree.” Most people said yes out of a sense of patriotic duty. 

“Why doesn’t stripping the cork kill the tree?” people asked.“Cork oak is the only tree 
species that grows an annual ring in the cork, as well as in the wood.” he replied. “How 
often could you harvest?” “Every eight to ten years.” he said.

Photos 3/ (a) The McManus Cork Oak Project team harvests from the large Quercus suber at the Napa 
State Hospital, in Napa, CA., circa 1943 ; (b) The author and the same tree in 2018.

a b
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Thirty years later, Metcalf recalled his harvesting visits in an oral history. “The largest 
cork oak in the United States, as far as I know,” he said, “is on the Napa State Hospital 
grounds. That tree was planted in 1873 on very good land.”

The other day my wife and I went searching for that tree at the Napa State Hospital, 
not sure we’d find it. But there it was. We were particularly struck to see the marks from 
where Metcalf’s team had harvested the tree’s cork.

Of cork and spies

Early in the war, the U.S. government’s new spy agency saw strategic value in 
information about the cork industry overseas. Part of that was due to cork’s value in 
the defense manufacturing effort. Another reason was that the countries where cork 
originated were potentially pivotal. Both Spain and Portugal had authoritarian leaders 
who distrusted alliances – they kept trade ties with both the Axis Powers and the Allies, 
and sold cork to both sides. The Office for Strategic Services, or OSS – predecessor to 
the CIA – wanted eyes on the ground to grasp the channels for key material exports. And 
cork workers had excellent access.

I discovered the corporate espionage piece of the story in declassified files of the 
OSS in the U.S. National Archives. The OSS research room there is still a very analog 
operation, where you sort through binders of OSS archiving codes and submit a request 
in pencil to pull records from the closed stacks. The staff retrieve the requests from a 
wooden box several times a day. It’s a tedious process, and explains why more such 
stories are not known.

Further digging turned up not only the names of people who were recruited as 
informants but also OSS cables from Lisbon about cork exporters, and even warehouses 
oriented for secret exports to both sides. Staff of both industry leaders, Crown Cork and 
Armstrong Cork, got involved.

The tree campaign

McManus’s campaign to grow cork oaks across America got government support. 
Metcalf’s team learned more about the montado forest system in Portugal. And a military 
transport plane left Morocco carrying acorns collected in the Atlas Mountains, chosen to 
resist North American winters. 

Young Americans threw themselves into the war effort, recycling everything for 
national defense, and planting cork trees. One boy named John McGrain read about the 
cork project and sent off for acorns. By return mail came a box packed with damp moss 
and three acorns. He planted and watered them, and they sprouted. He watered them until 
they grew over 10 feet high. Seventy years later, he remembers how the seedlings had 
such dark leaves. Planting cork oaks was something he could do for America.

Arbor Day events across a dozen states coast-to-coast catalyzed young people like 
him. Governors like Earl Warren of California (later Chief Justice of the U.S. Supreme 
Court) took part. Altogether, Americans in the campaign planted some 5 million cork 
oaks.

When the war ended, conditions for growing cork changed. Producing cork in the U.S. 
was more expensive than importing it, so the McManus Cork Project ended. But in its 
time, it was a long shot that filled a need, and connected people to trees. 
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We still find survivors of that campaign. They are reminders of that episode in 
history, including here at the U.C. Davis Arboretum, where nearly a dozen still thrive. 
Skip Mezger and Warren Roberts in Davis confirmed that “Woody” Metcalf, as he was 
nicknamed, managed the 1940s planting here. Survivors also include two trees that we 
visited yesterday on the Capitol grounds in Sacramento. I’ve also heard from the children 
of farmers in South Carolina who, like John McGrain, planted cork trees and confirmed 
that at least a few survive.

Like Pamela Sanchez1 noted in her presentation during the Conference, even when there 
are more efficient ways to get trees planted or used, sometimes a tree-planting campaign 
is worthwhile to cultivate young conservationists and tree-planters. The experience can 
stay with people for the rest of their lives, and inspire a generation.

Photographers. Title page: Béatrice Chassé (Quercus suber). Photos 1-3a: Courtesy Giles B. Cooke 
Collection, Swem Library, College of William & Mary. Photo 3b: Lisa Smith. Photo 4: David Taylor.
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ABSTRACT

The Plant Collections Network is a collaboration between the American Public Gardens 
Association and USDA-ARS to promote Standards of Excellence in Plant Collections. 
Collections achieving such standards are recognized as Nationally Accredited Plant 
Collections™. Twenty botanical gardens and arboreta located across the United States have 
come together to form a multisite Quercus collection, creating a collaborative Curatorial 
Group dedicated to advancing cultivation and study of the genus. The group meets annually 
and sets both short- and long-term goals for various projects including plant acquisition, 
documentation, recruitment, research support, and communication. Now over a decade 
old, the group has expanded in size, scope, and reach, and has taken a particular interest in 
supporting ex-situ conservation activities, particularly with the support of the American Public 
Gardens Association/United States Forest Service (APGA/USFS) Tree Gene Conservation 
Partnership. Future efforts will include consolidating the group inventory as a searchable web 
database, and seeking collaboration with Mexican botanical gardens.
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Introduction

The Plant Collections Network (PCN), formerly known as the North American Plant 
Collections Consortium (NAPCC), is a long-term collaboration between the American 
Public Gardens Association (APGA) and the United States Department of Agriculture - 
Agricultural Research Service (USDA-ARS) that seeks to promote standards of excellence 
in the scope, documentation, use, and management of North American plant collections. 
Collections meeting such standards of excellence are recognized as Nationally Accredited 
Plant Collections™ following an application process and on-site peer review (American 
Public Gardens Association n.d.a).

The first collections were accredited by the program in 1996. The majority of these 
collections were focused on particular genera of plants, such as the Buxus collection of 
the U.S. National Arboretum, the Fagus collection of the Arnold Arboretum of Harvard 
University, and the Malus collection of The Morton Arboretum. However, regional 
collections such as the Alpine Plants of Colorado collection of the Betty Ford Alpine 
Gardens and historic collections such as the Peirce’s Trees collection of Longwood 
Gardens have also been accredited.

Institution Location Year Joined
Bartlett Tree Research Laboratories and Arboretum Charlotte, North Carolina 2010
Boyce Thompson Arboretum Superior, Arizona 2012
Chicago Botanic Garden Glencoe, Illinois 2007
Cornell Botanic Gardens Ithaca, New York 2007
Denver Botanic Gardens Denver, Colorado 2007
Donald E. Davis Arboretum Auburn, Alabama 2010
Gabis Arboretum at Purdue North West Valparaiso, Indiana 2010
Holden Forests and Gardens Kirtland, Ohio 2007
Landis Arboretum Esperance, New York 2007
Missouri Botanical Garden Saint Louis, Missouri 2007
Morris Arboretum of the University of Pennsylvania Philadelphia, Pennsylvania 2007
Morton Arboretum Lisle, Illinois 2007
Mount Auburn Cemetery Cambridge, Massachusetts 2007
New York Botanical Garden Bronx, New York 2007
Rancho Santa Ana Botanic Garden Claremont, California 2007
Scott Arboretum of Swarthmore College Swarthmore, Pennsylvania 2007
Starhill Forest Arboretum of Illinois College Petersburg, Illinois 2009
UC Davis Arboretum & Public Garden Davis, California 2007
University of California Botanical Garden Berkeley, California 2007
University of Washington Botanic Gardens Seattle, Washington 2007

Due to the diversity of the genus Quercus and its status as a prevalent landscape 
tree, several botanical gardens and arboreta across North America hold prominent oak 
collections. However, in 2005, nearly a decade following the initiation of the Plant 
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Table 1/ Member institutions of the PCN Multisite Quercus Collection.
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Collections Network, there were still no oak collections accredited. Genera-based 
collections were typically only thought of as compatible with the program if comprehensive 
and inclusive of most species and infraspecific taxa, and it was virtually impossible for 
a single institution in North America to develop such a collection for the genus Quercus 
due to climate, space, and resource constraints. These limitations however, could be 
overcome through a collaborative effort. In 2007, 15 institutions spanning both coasts 
of North America (Table 1) coordinated efforts and pooled their resources in order to 
establish a multisite oak collection, the first of its kind for the Plant Collections Network. 
Recruitment continued over the years and more geographic diversity was obtained with 
the addition of the Donald E. Davis Arboretum (Auburn, Alabama) in 2010, and most 
recently with the Boyce Thompson Arboretum (Superior, Arizona) in 2012 (American 
Public Gardens Association n.d.a, n.d.b). 

Progress 2015-2018

In order to coordinate the further development and improvement of the multisite 
collection, the group meets regularly to set long- and short-term goals. Between 2015-
2018, the group had set six goals: 1) to focus on acquiring unrepresented taxa (particularly 
those of conservation concern), 2) to continue recruiting and welcoming new members 
into the group, 3) to develop a formal relationship with at least one Mexican botanical 
garden, 4) to upgrade the collection inventory from a spreadsheet to a searchable web 
database, 5) to promote and support oak taxonomic research, and 6) to continue efforts 
to improve documentation of the collection through vouchering and accession-linked 
photographs.

Taxon IUCN Threat Level Lead Institution Year(s) 
Funded

Quercus acerifolia Endangered Dawes Arboretum 2017
Quercus arkansana Vulnerable Missouri Botanical Garden 2017
Quercus cedrosensis Vulnerable Rancho Santa Ana Botanical Garden 2018
Quercus georgiana Endangered The Morton Arboretum 2018
Quercus havardii Endangered The Morton Arboretum 2016
Quercus oglethorpensis Endangered The Morton Arboretum 2015,2017
Quercus sadleriana Near Threatened Denver Botanic Gardens 2018
Trans-Pecos Oaks UC Davis Arboretum 2016, 2018

Quercus carmenensis Endangered
Quercus depressipes Least Concern
Quercus graciliformis Critically Endangered
Quercus robusta Data Deficient
Quercus tardifolia Data Deficient

The Curatorial Group has focused most heavily on plant acquisition, largely due to 
the opportunities presented by the American Public Gardens Association/United States 
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Table 2/ List of APGA/USFS Tree Gene Conservation Partnership projects led by Curatorial Group 
Member Institutions.
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Forest Service (APGA/USFS) Tree Gene Conservation Partnership, a program providing 
grant funding in support of scouting and seed-collecting expeditions targeting tree 
species of conservation concern. In 2015, The Morton Arboretum and the Donald E. 
Davis Arboretum worked together to bolster holdings of Q. oglethorpensis. Only a few 
accessions were present in the Curatorial Group inventory, all from the eastern extreme 
of its distribution. By searching for the species in Mississippi and Alabama, germplasm 
representing populations from throughout the range was collected and distributed across 
the Curatorial Group for ex-situ conservation purposes (Lobdell 2017). Similar projects 
were completed in subsequent years targeting Q. arkansana and Q. havardii, as well 
as five other species of oaks native to the Trans-Pecos region of West Texas. Oaks 
continue to be a popular and suitable target for the APGA/USFS Tree Gene Conservation 
Partnership, with six oak-related expeditions funded in 2018, four of which were led by 
members of the Curatorial Group (Table 2). 

Each year, all member institutions of the Curatorial Group prepare an updated 
inventory of their collections including a list of all accessions with relevant provenance 
data. Typically, this has been consolidated into a single spreadsheet and shared amongst 
members of the group to be referenced as needed. However, as the group has expanded, 
the size and scope of the spreadsheet has as well, complicating the ability to sort or 
search for specific information. In hopes of identifying a suitable product to function as 
a searchable website, the Curatorial Group evaluated the ability of BRAHMS (Botanical 
Research and Herbarium Management System), a database designed by the University 
of Oxford (Snyers 2016). Results to date have been promising. The system’s ability to 
standardize data during import and generate a website allowing for easy tallying of taxa, 
as well as maps displaying the field collection site for accessions of documented wild 
origin, has been well received by the group. 

Progress on other goals has been more limited. Recruitment efforts have continued, 
but no new members have been accredited since 2013. Potential collaboration with a 
Mexican institution remains of particular interest and is under exploration. Vouchering 
and photography of taxa within the collections is also ongoing, with more planning likely 
needed to set specific criteria.

Prior to initiating the goal-setting period 2018-2022, past progress was examined. A 
recurring problem was noted: the list of proposed projects was often ambitious, with 
many potential projects perpetually stuck in the planning phase due to time or resource 
constraints. After all, it is easy for one to leave a conference, symposium, or other 
gathering with a lofty list of potential collaborations and initiatives, only to find oneself 
struggling to meet even the basic communication needs associated with the project after 
returning to normal job responsibilities. With this in mind, the greatest successes of the 
group seem to have come not from the generation of new projects or priorities, but from 
leveraging existing individual projects into collaborative initiatives with a broader scope. 
For example, the aforementioned Q. oglethorpensis project would have likely been less 
successful had it been undertaken by a single institution. Local-contact assistance reduces 
the possibility of not locating populations while the network of collections that can 
propagate and grow the plants reduces vulnerability.  Additionally, these collaborative 
initiatives reduce duplication of efforts, for example, with numerous institutions targeting 
the same populations during the same growing season. With these considerations, goals 
for the next period were planned with the intent of focusing the number of projects 
as short-term steps to achieve specific long-term goals. Additionally, recommendations 
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Photos 1/ (a) Quercus havardii (Monehans Sandhills State Park, Texas); (b) Q. arkansana (Jasper 
County, Texas); (c) Q. carmenensis (Sierra del Carmen, Coahuila, Mexico); (d) Q. robusta (Big Bend 
National Park, Texas).

a
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from a recent gap analysis of North American Quercus taxa in cultivation were used to 
help guide priorities.

Current goals and initiatives

The goals set for 2018-2022 follow the same themes as those from the previous period: 
plant acquisition, documentation, recruitment and membership, research support, and 
communication and organization.

Considering plant acquisition, the long-term goal is for the Curatorial Group to lead 
or participate in seed-collecting expeditions to acquire at least five of the top ten North 
American Quercus species identified as most in need of further ex-situ conservation 
(Table 3). Progress on this goal is already rapidly being made through initiation of 
projects funded by the APGA/USFS Tree Gene Conservation Partnership.

Species Project
1. Quercus tardifolia 2016, 2018 (UC Davis Arboretum)
2. Quercus carmenensis 2016, 2018 (UC Davis Arboretum)
3. Quercus ajoensis 2018 (Huntington)*
4. Quercus cedrosensis 2018 (Rancho Santa Ana Botanic Garden)
5. Quercus robusta 2016, 2018 (UC Davis Arboretum)
6. Quercus toumeyi 2018 (Huntington)*
7. Quercus similis Not Currently
8. Quercus hinckleyi Not Currently
9. Quercus parvula Not Currently
10. Quercus laceyi Not Currently

The review of BRAHMS to create a database for the Group is still ongoing, and the 
potential to store links to vouchers and/or high-quality accession-linked photographs will 
be explored. The ability to cross-reference photos or vouchers with specific accessions, 
as well as to determine easily which accessions lack photographs would also allow for 
better setting of priorities when considering future vouchering or photo-documentation 
goals.

The Curatorial Group also wishes to promote and support taxonomic research. In order 
to focus this effort, the current goal is to brainstorm and identify particular taxonomic 
issues within the genus that complicate the ability to prioritize and curate collections, with 
a focus on those species of conservation concern. One logical step would likely include 
documenting inconsistency in nomenclature among Group members when consolidating 
the annual inventory.

Recruitment has been more or less stagnant for the past five years, and targeted efforts 
are planned to increase the geographic scope of the Group. In particular, botanical gardens 
and arboreta in Southern California, Arizona, West Texas, North and Central Florida, and 
coastal or near-coastal regions of North Carolina, South Carolina and Georgia would be 
desirable recruits as they are located in regions where the number of oaks of conservation 

Table 3/ Ten species considered highest priority for further ex-situ conservation by the Multisite 
Curatorial Group and reference to current scouting/collecting projects. * Indicates project by non-
member.
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concern is the highest. Institutions located in those areas could play an important role in 
assisting with their ex-situ conservation. A potential Mexican partner or collaborator also 
remains extremely valuable for conservation projects related to North American species 
whose distribution extends to Mexico.

Finally, the Curatorial Group desires both an increase in the frequency and breadth of 
communication. Discussion of goals and progress typically only occurs once per year at 
the APGA Annual Conference, but many of our members are unable to attend. Avenues 
that are being explored to improve communication within the Group include establishing 
a system of conference calls, digital meetings, or more targeted e-mail communications. 

Conclusion

In conclusion, the scope and reach of the Curatorial Group has increased over its 
decade of existence. Projects funded in collaboration with the APGA/USF Tree Gene 
Conservation have been particularly successful for fostering collaboration. Future 
recruitment will continue to increase the breadth of the Curatorial Group as it strives to 
uphold standards of excellence for the management of Quercus collections across the 
continent.

Photo 2/ Quercus depressipes (Chihuahua, Mexico).
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ABSTRACT

Over recent decades, significant collections of Quercus have been established in different 
parts of the globe. Together, they constitute a valuable conservation resource and deserve 
to be documented and shared in a way that is easily accessible to interested parties. The 
Cultivated Oaks of the World project aims to create a database of major oak collections 
around the world, aggregating data provided by each collection and using a simple format 
that allows for easy input and includes straightforward filter and search features. In addition, 
geolocated trees can be automatically mapped and the various collections viewed on a map of 
the world. The project is closely aligned with the goals of the IOS, one of which is to facilitate 
the location and distribution of living material for propagation of oaks. 
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Introduction

Cultivated Oaks of the World, a project initiated recently within the International Oak 
Society, aims to create a database of oak trees in cultivation in collections around the world. 
The project is the brainchild of Allen Coombes, conceived as a result of investigating 
methods of mapping herbarium data at the Benemérita Universidad Autónoma de Puebla. 
Initially, crude maps were produced by sticking pins on a map. The result was pretty, 
but difficult to update and not really practical. Allen thought that the 21st century surely 
offered some better way of managing this data, and after looking at various options he 
came across Google Fusion Tables,1 which allowed him to create a digital map where 
every point on the map contained all the data for each herbarium sample. 

After registering and mapping 50,000 herbarium specimens using this system, he 
then thought he’d use it for the living collection at the University Botanic Garden. This 
involved a little more work as he had to obtain coordinates for each tree in the collection. 
It was at that point that the brainchild was born: the thought struck him that the same 
software could be used to aggregate the data of all oak collections around the world. 

Background

Several online resources exist that publish records of oaks in cultivation. These 
include major arboreta and botanical gardens as well as private collections that have 
invested in their own websites and online catalogues. Networks such as Botanical Garden 
Conservation International and Plant Collections Network’s Quercus Multisite pool data 
of numerous accredited institutions. Plantcol is a network that includes both public 
institutions and private arboreta in Belgium. But small private collections are mostly 
outside these networks. Cultivated Oaks of the World has the potential to pool the records 
of these private collectors and the major institutions in one database.

Objectives

Over recent decades, significant collections of Quercus have been established in 
different parts of the globe. Together, they constitute a valuable conservation resource 
and deserve to be documented and shared in a way that is easily accessible to interested 
parties. In doing so, we aim to create conditions that will encourage higher standards of 
curatorial management.

In addition, we hope to foster the scientific use of oak collections. As former IOS 
President Charles Snyers said in his opening remarks at the 2018 Conference, the IOS “is 
at the crossroads between the academic and scientific world and the public.” This project 
is a good example: we hope to connect the resource of oak collections, especially the 
private collections that would not normally be connected to research institutions, with the 
researchers and scientists who may be able to put these resources to good use.

So how do we aim to do this? The first step is to create a database by aggregating 
data provided by oak collections around the globe. The key aspect is that it is open to 
all collectors, not just established institutions. So any individual with an oak collection 

1. Since the preparation of this article we have learned that Google Fusion Tables will not be available after Dec. 
3, 2019. We will be keeping an eye on any replacement services that Google may offer as well as any alternative 
solutions. In the meantime we will carry on working with Cultivated Oaks of the World.

International Oaks, No. 30, 2019
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can participate, or even any individual who has planted a single oak could submit data, 
especially if it is well documented. What is important is that the format is simple and 
easy to use, so that we can manage the database ourselves without having to rely on 
programmers (or come up with the funding that would require). We also want the database 
to have simple filter and search functions that facilitate access to what the database can 
offer.

The data

For Cultivated Oaks of the World we are working with 14 fields that can be grouped 
in three categories: identification, source data, and data on the tree itself. The first three 

Cultivated Oaks of the World

International Oaks, No. 30, 2019

Figure 1/ Filters can be applied to any field. Here a filter on “Name” shows the location of specimens of 
Quercus baloot in cultivation around the world

Figure 2/ An example of data from Benemérita Universidad Autónoma de Puebla, showing the 14 fields used 
in the database. 
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fields include the name of the garden, the name of the taxon—which ideally should 
include author name—and the accession number used by the collection. Under source 
data we include the donor or nursery that provided the seed or plant and the provenance 
type: garden source, wild source, propagated from a wild-sourced plant, or unknown. 
Then, in the case of a wild-sourced plant, the full name of the collector, the collection 
number, and the country where it was collected, as well as any other wild-source data 
(date collected, detailed location, coordinates, etc.). Data on the tree itself includes date 
it was planted, the location in the garden, the coordinates of the tree’s location, and the 
height of the tree in meters.

Google Fusion Tables

Google Fusion Tables allows you to upload data as a basic table, with each entry as 
a row and the fields as 14 columns. It automatically creates a card for each entry. These 
cards have a standard basic layout, but they can be customized. And by simply indicating 
which of the columns contains latitude and longitude, the program will map the entries 
on a map of the world. You can then click on the markers on the map to view the card for 
each entry.

Benefits to the Quercus community

This project should offer benefits to the global Quercus community, which includes 
everyone from the amateur enthusiast to the conservation scientist. Once the database 
gains critical mass, it should allow users to perform detailed gap analysis. We would 
be able to see which taxa exist in cultivation and in what numbers. Thanks to the 
provenance data we should be able to see to what extent a threatened oak’s genetic 
diversity is conserved in ex-situ collections. We will also be able to see where and in 

Figure 3/ A screenshot from the Google Fusion Tables map showing Arboretum des Pouyouleix (France) and 
the card for one tree in the collection (Quercus ×acutidens).
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what climate these species are grown in cultivation. As climate continues to change and 
bring unexpected challenges, we may be able to determine whether rare germplasm is 
being conserved in sufficiently diversified climatic conditions.

We will be able to study the adaptability of oaks ex situ, so we may find that a rare 
Mexican oak thrives somewhere unexpected like New Zealand, or at least better than in 
a botanical garden that may be closer to home but does not offer conditions best suited 
to the plant.

The database may be useful for scientists looking to obtain germplasm for analysis, 
or for others seeking seed or living material of rare oaks for propagation, particularly in 
cases where wild-sourced material is not readily available. Finally, it will allow users to 
virtually visit, to a limited extent, a collection they would not be able to travel to.

Benefits to participants

For participants, aside from the satisfaction of contributing to the benefits mentioned 
above, there may be practical benefits. It should be quite simple to establish a system 
whereby we automatically check the names provided against a checklist. This will help 
us have uniform names and avoid undetected duplicates, but it will also allow us to alert 
collection holders about errors or synonyms. 

When wild-collected seed is grown by several collections, the collection data can 
be compared and improved, in case details of the data has been lost in some records. 
If a wild-collected accession is re-identified, we can easily alert those collections that 
provided the collection number.

Standards for curatorial management should rise, as participants can see what others 
are doing. Amateur collectors will be rubbing shoulders, as it were, with professional 
botanical gardens or sophisticated private collectors, and will be able to note best 
practices. There may be a healthy sense of rivalry between collections, not just in terms 
of number of taxa, but also in quality of data. 

For those collections that don’t already have one, the project would provide a map of 
their collection. The mapping feature might also help participants improve the accuracy 
of their coordinates, checking for errors or making small adjustments to get things in line 
for the satellite, as it were. An error in a single digit can land your Q. agrifolia in the 
middle of the Atlantic!

Finally, oak collectors in remote locations will be able to use this project to share 
their pride and joy with interested parties who would never be able to visit in person. 
It is worth pointing out that, because the database is hosted on Google Drive, we can 
easily control access. We can restrict access to only accredited parties, controlled by an 
administrator.

Statistics

At the time of the Conference at UC Davis, the project already included 36 gardens in 
10 countries, with a total of 14,671 trees recorded. Of these, 4,993 represented accessions 
of wild origin (34%), and about half of them had collection numbers. A quarter of the 
collections in the database included geolocation data and so were mapped.
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Future possibilities

There is still much we can do working with Google Fusion Tables, customizing the way 
information is displayed and adding the possibility of including images, or an additional 
map showing the source locations for each accession. Alternatively, we could migrate 
to other freely available systems designed specifically for botanical projects, such as 
Symbiota. A further option would be to design our own platform to display and manage 
the data. 

How to participate

This project relies on getting as many oak collections on board as possible. To 
participate all you need is a list of the trees in an Excel file, which can be created in Excel 
or exported from more sophisticated software if that is what is used to record details of 
a collection. The only essential fields are the name of the garden and the taxon name 
(with author, if possible). It would be ideal to include provenance data if available, and 
the other optional fields, but that is up to each participant. Then send an email to aimee.
camus@gmail.com and we’ll upload the data and help you access the database.

Figure 4/ The map of the world from Google Fusion Tables shows the location of the 36 gardens participating 
in Cultivated Oaks of the World at the time of writing.
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Photos 1/ Oak collections constitute a valuable conservation resource. (a) Jardín Botánico Universitario-
Benemérita Universidad Autónoma de Puebla; (b) Chevithorne Barton (UK); (c) Arboretum des Pouyouleix 
(France); (d) Grigadale Arboretum (Argentina); (e) Jardín Botánico de Iturraran  (Spain).

a
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ABSTRACT

The mission of the Global Tree Conservation Program at The Morton Arboretum is to 
save trees from extinction through global collaborations. In order to achieve this goal, five 
strategies are implemented: (1) identifying and prioritizing threatened species, (2) protecting 
threatened trees in the wild (in-situ conservation), (3) strengthening the conservation value 
of living collections (ex-situ conservation), (4) catalyzing the global network of experts, and 
(5) building capacity and awareness to advance tree conservation. The integrated in-situ and 
ex-situ  research and conservation of the endangered oak, Quercus brandegeei, is a good 
example of one of our projects that employs all five of these strategies.
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Introduction

Trees form the scaffolding upon which many of the world’s terrestrial ecosystems are 
anchored. They provide food and habitat for countless plant, animal and fungal species. 
They sequester carbon, regulate hydrological cycles, and remove pollutants from the air. 
Trees provide timber, food, fiber, and medicine to humans, and hold great cultural and 
spiritual value (Costanza et al. 1997; Nowak et al. 2006; Carpenter et al. 2009; Dawe 
2010; Bernatzky 2012). There are over 60,000 tree species in the world, with new species 
constantly being discovered and described (Beech et al. 2017). Despite their immense 
ecological and economic importance, there are still many unanswered questions about 
the diversity, ecology and health of tree species around the world. 

Globally, trees are under threat (Oldfield et al. 1998; Newton et al. 2015). We are 
currently in a mass extinction event with plant and animal species disappearing at a rate 
that is orders of magnitude higher than the background extinction rate the planet has 
experienced over hundreds of millions of years (Crutzen 2006; Lewis and Maslin 2015). 
This mass extinction event is driven in part by human activities like habitat destruction, 
overharvesting of valuable species, and the introduction of invasive pests and diseases. 
Moreover, climate change, another human-mediated phenomenon, is likely to continue 
having disastrous effects on the health of trees in coming decades (Dale et al. 2001). 

Protecting tree species diversity is important for several reasons. First, tree species 
on the edge of extinction might hold a cure for cancer, an undiscovered biofuel, or 
some other type of valuable secondary metabolite or compound. Second, the myriad 
relationships and complexities of the web of life are still far from well understood, so we 
cannot predict how the removal of a species from an ecosystem might affect the overall 
community dynamics. It is likely, in many systems, that if one or a few keystone species1 
in an ecosystem go extinct, it would precipitate the extinction of other species in that 
system (Mills et al. 1993). Finally, the extinction of tree species reduces the resilience 
and potential of ecosystems to persist in the face of future environmental changes and 
challenges (Folke et al. 2004; Isbell et al. 2015). 

The Global Tree Conservation Program

The Global Tree Conservation Program was established at The Morton Arboretum 
in 2014 in light of the increased tree species extinctions around the world. The tools, 
technologies and expertise to prevent extinctions already exist, but they are not always well 
focused, coordinated, or resourced. Nor are they evenly distributed in the regions where 
they are most needed, such as biodiversity hotspots (Brooks et al. 2002). Our mission is to 
save trees from extinction through global collaborations, to be a hub for tree conservation 
practitioners and researchers who work to advance in-situ and ex-situ conservation efforts, 
to generate and exchange knowledge, and to build capacity for tree conservation around the 
world. Given their economic, cultural and ecological importance (Tallamy and Shropshire 
2009; Cavender-Bares 2016), oaks (genus Quercus) are one of our main target groups for 
conservation; and since their richest center of species diversity is in Mexico and Central 
America, we developed a Latin America conservation program focused on this region. We 
use five strategies to prevent tree extinction and promote conservation: 

1. The concept of keystone species was defined in 1969 by zoologist Robert T. Paine as a species that has a dispropor-
tionately large effect on its environment relative to its abundance.

International Oaks, No. 30, 2019
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Identify and prioritize threatened species
We compile threat assessments using the standards laid out by the International Union 

for Conservation of Nature (IUCN) Red List of Threatened Species, and we conduct 
conservation gap analyses to provide conservation practitioners with the information 
needed to prioritize and execute species recovery plans, in both the short and long term. 
The Red List of US Oaks (Jerome et al. 2017), provides assessment summaries for all 
native US oak species, with an in depth synthesis of the state of the genus across the 
country. We are in the process of completing Red List assessments for non-US oak species, 
and expect that by the end of 2019, only the Asian species will remain to be assessed.  
When this is completed, we plan to produce an updated publication that includes all the 
oaks of the world.  

Protect threatened trees in the wild (in-situ conservation)
Based on the results of our Red List assessments and gap analyses, we develop and 

execute collaborative, in-situ conservation projects for priority threatened species, 
especially oaks, in key biodiversity hotspots. We work alongside local partners to 
perform integrated conservation actions, including conducting research, collecting and 
propagating plant material, and reinforcing wild plant populations. A critical step in 
our in-situ conservation efforts is to understand and eliminate threatening factors in the 
wild, and to engage and empower local communities to ensure long-term and sustainable 
conservation actions.

Strengthen the conservation value of living collections (ex-situ conservation)
We conduct ex-situ surveys to identify gaps in living collections for threatened 

oak species and populations. In partnership with members of the American Public 
Gardens Association (APGA), 
the Center for Plant Conservation 
(CPC), and Botanic Gardens 
Conservation International (BGCI), 
we are developing a model for a 
globally coordinated collections 
consortium that targets priority 
taxonomic groups, such as oaks. 
Through this consortium we will 
ensure that the most threatened 
oak species are protected in a 
network of genetically diverse and 
representative ex-situ collections, 
to act as an insurance policy against 
extinction in the wild and provide 
material for research, public 
education, and reintroduction. We 
support and conduct seed collecting 
trips, germplasm distribution, and 
propagation research for rare tree 
species, especially those that can’t 
be seed banked, such as oaks.

The Morton Arboretum’s Oak Conservation Efforts in Latin America

International Oaks, No. 30, 2019

Photo 1/ Seedlings of the endangered Quercus brandegeei 
growing at Benemérita Universidad Autónoma de Puebla 
(BUAP) Botanic Garden, from acorns collected in 2017 and 
distributed to gardens across Mexico. 
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Catalyze the global network of experts
We cofounded and manage the Oaks of the Americas Conservation Network (OACN), 

a consortium of more than 100 oak experts from universities, gardens, and non-profit 
organizations from 8 countries, who joined to share information on anything from 
propagation tips, taxonomic questions, and even coordination of collection efforts. We 
have held four satellite meetings, including one at this 9th International Oak Society 
Conference in 2018. OACN has obtained external funding for projects targeting several 
priority threatened species, such as Q. insignis and Q. brandegeei.

Build capacity and awareness to advance tree conservation
We use the models and successes of the global botanic garden and arboretum community 

to inform our program and to guide others. We identify the experts and the research that 
can answer the pressing questions related to tree conservation, and we deliver training 
workshops and provide funding to enable the conservation of priority threatened tree taxa 
in biodiversity hotspots. For example, in the past two years we organized a Workshop 
on the Taxonomy of Rare Mexican Oaks in Puebla, Mexico, that included updating Red 
List threat assessments (Denvir et al. 2018), and a workshop in Honduras focused on 
conservation of Quercus insignis.

Case study: Quercus brandegeei

One ongoing project of the Global Tree Conservation Program that exemplifies the 
integration of all of the strategies described above is our work with the micro-endemic 
endangered Mexican oak, Q. brandegeei (Denvir and Westwood 2016).

Quercus brandegeei belongs to subgenus Quercus, section Virentes  that includes, 
amongst others, Q. virginiana and Q. fusiformis. Known locally as encino arroyero, Q. 
brandegeei is only found on the southern tip of the Baja California peninsula along 
the banks of arroyos that fill up after hurricanes. Fortunately, many of the remaining 
individuals of Q. brandegeei are within a protected area, the Sierra La Laguna Biosphere 
Reserve. However, the species remains threatened because of a complete lack of 
regeneration in the wild. As the remaining individuals of the species grow older, there 
are no younger seedlings growing to replace them. Because of this, the Global Tree 
Conservation Program has chosen Q. brandegeei as the focus of both research and 
conservation efforts.

Initially, Q. brandegeei was identified as a priority species based on research conducted 
by Jeannine Cavender-Bares and Antonio González-Rodríguez, and by the completion of 
an IUCN Red List assessment, which classified the species as “Endangered” (Denvir 
and Westwood 2016). It was identified as a priority species in need of research and 
conservation effort at the founding meeting of OACN, in Morelia, Mexico in 2016.

In collaboration with González-Rodríguez and Cavender-Bares, and with help from 
Vallarta Botanical Garden (Jalisco, Mexico) we conducted a demographic study of Q. 
brandegeei in the spring of 2017. During this study we located what we believe to be all 
remaining populations of the species, and we confirmed that there are likely fewer than 
2,500 individuals remaining (a criterion for the IUCN “Endangered” category). Moreover, 
we found no seedlings, confirming our suspicions that no regeneration is occurring. 

Following the demographic study, we conducted acorn collection in the fall of 2017, 
with the help of Tim Thibault of the Huntington Botanical Gardens (CA, USA). Acorns, 
which were found to be plentiful, were distributed to ten gardens throughout Mexico 
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and to the Huntington, in coordination with BGCI. Before this, Q. brandegeei was only 
known to be in three ex-situ  collections in the world. By collecting and distributing 
acorns, we have successfully created a strong ex-situ population of the species that will 
help preserve its genetic diversity while we continue to work on in-situ conservation. 

In the fall of 2018, we conducted a second round of acorn collection, this time with 
the help of Aurora Breceda Solís Cámara of the Centro de Investigaciones Biológicas del 
Noroeste (CIBNOR) in Baja California Sur. At CIBNOR acorns are being germinated, 
cared for, and monitored with the help of local ranchers and graduate students. Unlike 
the previous year’s acorns, which were used to reinforce ex-situ collections, the 2018 

Photo 2/ Known locally as encino arroyero, Quercus brandegeei is only found on the southern tip of the 
Baja California peninsula along the banks of arroyos that fill up after hurricanes. 
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acorns will be planted throughout the natural habitat of the species for in-situ research 
and conservation. The in-situ plantings will serve three purposes: firstly, reforestation 
experiments will provide valuable data about the conditions under which Q. brandegeei 
seedlings may survive in the wild; secondly, after the experiments are concluded, the 
surviving trees will remain in the ground to reinforce the aging population. Finally, 
by conducting outreach work and sharing seedlings with local ranchers, we will raise 
awareness of the ecological and ethnobotanical importance of this species, used widely 
as food for animals, and for making a coffee-like beverage (De la Luz and Domínguez-
Cadena 1989).

In working to protect Q. brandegeei from extinction, we have employed all of the 
five conservation strategies that are outlined above. This species was selected through 
the results of our larger prioritization process that identifies opportunities for research 

Photo 3/  Audrey Denvir, Neil Gerlowski, and Dr. Antonio González-Rodríguez during their demographic 
study of Quercus brandegeei in Baja California Sur, Mexico. 
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and conservation of the species that most need it. A robust multisite ex-situ collection of 
the species has been successfully created, and now in-situ research and conservation is 
underway. Moreover, we are building capacity for this type of work by training Mexican 
university students, and by training and supporting local ranchers and community 
members to grow and protect this species. Finally, by integrating in-situ and ex-situ 
research and conservation, we hope to catalyze new networks by bringing together 
researchers, conservation practitioners, botanic gardens, government agencies, and local 
communities.

Future directions

In its first few years, the Global Tree Conservation Program at The Morton Arboretum 
has made great progress in identifying and prioritizing threatened oak species and 
implementing productive integrated conservation projects. Our success hinges 
entirely on the valuable collaborations we have developed with dozens of researchers, 
conservationists, garden curators, and local communities. As we grow and cultivate our 
networks, we are learning valuable lessons, expanding our portfolio of projects, and 
constantly looking for new partners to work with. Despite our progress, the need for tree 
conservation efforts all over the world continues to increase with urgency. Only through 
integrated and collaborative efforts will we be able to prevent further extinction of tree 
species and the ecological and economic consequences of such tragic losses. 

Photographers. Title page: Silvia Alvarez Clare (Red List Workshop at the 9th International Oak Society 
Conference). Photo 1: Audrey Denvir. Photo 2: Silvia Alvarez Clare. Photo 3: Antonio González-
Rodríguez.
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ABSTRACT

The preservation of oak ecosystems requires that we substantiate their value and advocate 
their protection. Throughout the world the traumatic effects of climate change are particularly 
evident on islands. In 2013, the Polly Hill Arboretum (PHA) developed a cloud-based mapping 
system using geographic information technologies with the goal of creating a modern flora 
for the island of Martha’s Vineyard, located in Massachusetts, U.S.A. In addition to this, PHA 
research associate Dr. David Foster (Director, Harvard Forest) used the same technology to 
map both the historic and modern forests of the Island. This broad collaborative effort between 
Harvard Forest, the Martha’s Vineyard Commission, and the land conservation organizations 
on Martha’s Vineyard has generated mapping tools that inform protection measures, protect 
biodiversity, and form the basis for island oak preservation. The Arboretum was founded in 
1998 with a mission of horticultural experimentation, plant conservation, and the education 
of students of all ages.
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Introduction

In 1958, when Polly Hill began the horticultural experimentation that would lead to 
the establishment of the Polly Hill Arboretum (PHA) in 1998, the world’s environment 
was in a very different state than today. Now, an estimated 20 percent of all plants – many 
of these are trees – are in some stage of vulnerability to extinction (BGCI 2010). This 
compels us to be active in their protection. Part of the Arboretum’s modern mission is to 
seek new and innovative ways to combat the three principal threats to biodiversity: habitat 
loss (land conversion and fragmentation), invasive plants/pests, and climate change. 

Islands are often considered microcosms of the larger world. The Island of Martha’s 
Vineyard lies 8 km off the coast of Cape Cod (MA, U.S.A.) and is 259 km² in size. 
Martha’s Vineyard was settled in 1602. Its natural vegetation is dominated by oak forests 
and sandplain grasslands. Since early settlement the majority of the Island’s woodlands 
have been cut numerous times. Today, large secondary growth forests coexist with ancient 
woodlands. 

Recent oak mortality and climate change implications

In recent years, a native insect pest, Alsophila pometaria (fall cankerworm), has caused 
significant damage to vegetation on the Island. In PHA’s natural areas, an estimated 40% 
tree mortality occurred as a result of three successive years of caterpillar defoliation (2005, 
2006, 2007) combined with summer drought (Boland 2011). Following this, yet another 
insect outbreak occurred from 2010 to 2015. Bassettia ceropteroides (cynipid gall wasp) 
attacked Quercus velutina (black oak) in large numbers; thousands of trees succumbed to 
this pest. As a result of these insect outbreaks, PHA contacted Dr. David R. Foster, Director 
of the Harvard Forest of Harvard University. Dr. Foster joined PHA as a research associate 
in 2009 and initiated a study of the long-term forest dynamics of PHA’s 16 hectares of 
woodlands. This study later expanded to incorporate broader objectives: determining the 
paleohistory of the Island’s forests, mapping ancient woodlands, and summarizing the 
threats to oak conservation in the face of human activities and climate change. In addition, 
the devastating loss of our woodlands combined with significant Island-wide oak mortality, 
prompted a response among conservationists on Martha’s Vineyard. 

The ConServator: a conservation digital mapping technology

In 2013, PHA began a floristic study program using a web-based geographic 
information system (GIS) that would aid in the mapping and documenting of the native 
and spontaneous plants of Martha’s Vineyard. The software program is a cloud-based 
platform called ArcGIS Online, which connects people, data, and interactive maps. 

The technology is widely used by municipalities, planners, and scientists that value 
the ability to share data between organizations. PHA specifically designed a customized 
program that allows multiple conservation organizations on Martha’s Vineyard to record 
and map plant locations and additional data in the field. The conservation groups hold 
significant land holdings and some of the rarest plants are found on the properties they 
steward. This conservation initiative, a cloud-based server shared between multiple 
conservation planners and researchers on Martha’s Vineyard, is called the ConServator. 
Polly Hill Arboretum is the principle investigator leading this effort. 

International Oaks, No. 30, 2019
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The Island: past and future

Currently, 40% of Martha’s Vineyard is in permanent protection from development, 
30% developed, and 30% remains vulnerable to future development. 

The ConServator has been a tremendous success. Two thousand four hundred plant 
specimens have been collected, representing almost a third of the floristic diversity of 
the Island. Many plants that were considered historic (not found in the past 60 years) 
have been rediscovered. Over 1,000 plants have been digitally mapped, including some 
that are rare in Massachusetts. PHA research associate David Foster’s research has also 

The ConServator: Conservation Mapping and Oak Conservation
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Figure 1/ Web GIS allows the collection and sharing 
of data using various apps that share interactive 
maps. Spatial data and data points are collected 
using handheld mobile devices in the field that 
transfer information to a cloud-based server 
(ArcNews 2014).

Figure 2/ The ConServator network includes 
the largest land conservation organizations on 
Martha’s Vineyard as well as Harvard Forest 
and the Martha’s Vineyard Commission, a 
regional planning organization. 

Figure 3/ Forty percent of the land on Martha’s Vineyard is in permanent conservation, as depicted in 
green (Seidel 2017).



Figure 5/ Using the Whiting map as a baseline, the past and present vegetation cover is depicted in this 
modern map showing current development on Martha’s Vineyard (Foster 2017). 
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Figure 4/ The Whiting map provides a vivid and accurate portrayal of the vegetation cover of Martha’s 
Vineyard in 1850 (Foster 2017). 
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utilized the ArcGIS technologies and was buoyed by the recent discovery of a U.S. 
Coastal Survey map produced in the 1840s by Chief U.S. Cartographer Henry Laurens 
Whiting (1821-1897). Whiting was employed to survey the New England coastline, and 
he spent a decade producing exquisitely detailed maps, including some of the Island of 
Martha’s Vineyard. 

The maps are notable for depicting all the physical features of the Island, including 
the vegetation. The mid-1800s was the era of peak deforestation in New England; the 
Whiting map detailed the vast clearing of land devoted to farming and sheep grazing. 

Working with Harvard Forest mapping specialists, Foster was able to overlay the 
Whiting map with a modern ArcGIS map of Martha’s Vineyard. The result was a clear 
depiction of where woodlands have returned from previous clearing and where ancient 
woodlands have persisted from 1850 to the present day. 

While it is difficult and alarming to speculate about the likelihood of additional insect 
outbreaks and tree mortality on Martha’s Vineyard, one thing we know for certain: our oak 
woodlands need protection, including better guidelines for their long-term stewardship. 

A significant victory for an ancient woodland

Beyond the biotic factors that have impacted the Island’s natural areas, poor land-use 
planning is a constant threat to the secondary forests and the ancient woodlands that 
remain open for development. In 2016, an 8.3-hectare solar array was proposed on a 
local water district property. The solar power advocates argued for the profitably of the 
proposed utility and the potential carbon emission reduction inherent in the use of solar 
versus fossil fuel power. 

The property is part of the last remaining ancient woodlands mapped by the scientists 
at Harvard Forest. The term ancient woodland describes oak forests consisting 
predominantly of Q. alba (white oak) and Q. stellata (post oak).  These trees have been 
cut repeatedly over many years, forming expansive stool mounds. Experts from Harvard 
Forest believe the trees were present prior to European settlement in 1602 (Foster and 
Motzkin 1999).

Proposals of this size and scale must seek prior approval after a review by the Martha’s 
Vineyard Commission (MVC). The MVC alerted PHA and Dr. Foster of this proposal and 
asked for our testimony to help defeat the plan. Using the details found in the Harvard 
forest maps and outlining what the loss of critical biological infrastructure would mean 
to the Island’s ecology, the commission listened to both sides of the argument. 

My testimony on behalf of the Arboretum argued that oaks are critical biological 
infrastructure across the world. They support more insect, fungi, and microbial life than 
any other temperate tree group. They are also a foundation tree species that through their 
persistence and existence indicate the health of our planet. Beyond these specifics related 
to the special characteristics of oak forests, another big factor was the inherent value 
of all forests to absorb carbon and prevent erosion, and their immense value to healthy 
watersheds. Dr. Foster’s written testimony and the illustrative evidence of the ArcGIS 
maps were compelling and convincing. As a result, the plan was soundly defeated and the 
forest preserved for future generations.
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Oak challenges of the future

While this is a happy ending to this specific story, threats to our oak forests will 
continue to come to our Island community as development pressures increase. The use 
of ArcGIS technologies and their value to scientists, land planners, and conservationists 
is an example of the power of environmental collaboration and advocacy. One of the 
significant outcomes of the Harvard Forest project was the development of an ArcGIS 
phone app that allows the public to walk anywhere on Martha’s Vineyard and travel back 
in time to 1850 on the Whiting map.

The response of the public to the Whiting map and the mobile app has been immensely 
positive. In 2017, David Foster produced the most comprehensive Island land-use history 
to date for Martha’s Vineyard in his book, A Meeting of Land and Sea: Nature and the 
Future of Martha’s Vineyard. Along with this book, large-scale reproductions of the 1850 
Whiting map were made available for public purchase. Proceeds from the sale of the 
map support PHA’s research fund in support of the development of a modern flora for 
Martha’s Vineyard, and research in plant conservation and forest ecology.
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ABSTRACT

Acute oak decline (AOD), presents a serious threat to native British oak. Decline-diseases 
are complex syndromes, caused by multiple factors operating over time, beginning with 
environmental predisposition disturbances leading to host stress, followed by invasion of biotic 
agents (insect pests and pathogens). Determining the role of secondary pests and pathogens 
presents challenges in assigning causation. The complex nature of the problem necessitates a 
holistic, multidisciplinary research approach to achieve preventative and remedial management. 
Key aims were to determine disease distribution; significant predisposition factors; spatial 
trends associated with predisposition factors; microbiota associated with AOD lesions, the 
role and mechanisms used of consistently occurring, abundant organisms in tissue degradation. 
Surveys and citizen-science reports enabled determination of disease distribution. Insights into 
predisposition factors at landscape scale were obtained using national spatial environmental 
datasets. Components of the pathobiome (groups of microorganisms associated with disease) 
were investigated using isolation, metabarcoding, metagenomics and metatranscriptomics. 
Spatial patterns in incidence and occurrence of AOD were identified highly correlating 
with environmental predisposition factors. Stem lesions have a polybacterial cause, but the 
bacterial species Brenneria goodwinii is dominant and interactions with Agrilus and other 
bacterial species amplify its effect reproducing field symptoms. We provide new insights 
into polymicrobial interactions and disease expression, and develop a novel conceptual and 
methodological template for investigating decline diseases and adapting Koch’s postulates to 
address the role of the multifactorial facets of this problem.
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Introduction

The impacts of disturbance factors on declining tree health, resilience and survival 
is an emerging theme in forest and urban tree research and management (Cohen et al. 
2016). Several key drivers of disturbance that operate in urban and/or rural environments 
include: climate change, pollutants, fire, increased pest and disease attacks, invasive 
species, diminishing habitats and increased human population pressure. These factors 
do not operate in isolation but rather in a dynamic way, and understanding the linkages 
among them therefore necessitates a holistic systems approach (Pautasso et al. 2010). 
Interaction between factors will occur at a range of scales from landscape to the molecular 
level, where environmental chemistry impacts host responses, and mechanisms of host-
pathogen interactions are defined by biological chemistry and genetics. 

Acute oak decline (AOD) is an emerging disease on native oaks, Quercus robur 
and Q. petraea, in the UK. Decline diseases are complex syndromes, arising from the 
interaction of interchangeable, specifically ordered, abiotic and biotic factors that have 

a cumulative effect resulting in a 
general deterioration in tree health, 
and often resulting in death of trees 
(Manion 1981). Certain factors have 
key roles and a model (the Decline 
Spiral) of how these factors may 
interact was proposed (Manion and 
Lachance 1992). 

Characteristic external symptoms 
of AOD are dark, weeping, stem 
patches that occur between bark 
plates (Fig. 1), while internal 
tissue degradation is evident as 
brown rotting lesions (Fig. 2) that 
penetrate the vital conducting 
innerbark, causing cavities and 
disrupting the flow of food and 
water (Fig. 3). Larval feeding 
galleries (blue arrows Fig. 3) of the 
native buprestid, Agrilus biguttatus, 
are almost always present, and in 
about 33% of cases the D-shaped 
exit holes of the adults can be found 
on the bark plates (Denman et al. 
2014; Brown et al. 2015). 

The aims of the research were 
to determine (1) the distribution 
and local spread of disease in the 
UK; (2) associated environmental 
predisposition drivers and (3) 
causes of stem symptoms.

International Oaks, No. 30, 2019

Figure 1/ External stem symptoms of acute oak decline on 
Quercus robur.
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Materials and Methods

Distribution of AOD in the UK. 
A survey plan was devised using a 
two-stage selection process: firstly, 
random selection was conducted 
across a large-scale grid (hectads: 
squares of 10 km × 10 km); secondly, 
individual woodlands were chosen 
within selected squares using the 
UK National Forest Inventory (NFI) 
dataset (approximately 10,000 sites 
across Great Britain). Selected 
woodlands all contained mature 
oak. In year one, survey effort was 
spread evenly across England and 
Wales. The following year survey 
effort was focused around the known 
AOD distribution to better estimate 
the boundaries of the affected area 
(Brown et al. 2015, 2017).

At the onset of the study surveyors 
were trained and rapid diagnostics 
developed. Swab samples were sent 
to the laboratory at Forest Research 
(FR) for validation of disease-
causing agents. An interpolation 
method was developed based on 
the epidemiological principles of 
dispersal and transmission, using 
an estimated host distribution to 
predict the likely distribution of AOD across England and Wales. Additionally the citizen-
science reports (CSR) of the disease made to FR were used in the analysis to obtain wider 
coverage. (Brown et al. 2017).

Local spread of AOD. Eight woodlands with AOD symptomatic trees were mapped 
and monitored annually, but on two sites, 20 symptomatic trees at each site were 
intensively monitored annually to determine temporal relationships in the appearance 
of D-shaped exit holes of the adult A. biguttatus beetle and stem bleeding patches. The 
spatial relationships between existing affected trees and newly affected trees was tested 
using Ripley’s K function (Wiegand et al. 2004; Xu et al. 2009; Brown et al. 2017). 

Associated predisposition drivers – landscape scale. To determine spatial correlations 
between AOD occurrence and environmental factors the distribution data (544 sites) and 
national environmental datasets including atmospheric levels of essential gases such as 
nitrogen (N), sulphur (S) and carbon dioxide (CO2), as well as climate (temperature, 
rainfall) and topographical and physical (altitude, soils) data, were used. Logistic 
regression models (generalized additive mixed models; GAMM) were run to determine 
significant correlative relationships amongst the factors tested (Brown et al. 2018). 

A Holistic Approach to Investigating Acute Oak Decline
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Figure 2/ Internal stem symptoms of acute oak decline on 
Quercus robur. 

Figure 3/ A cross-section through a weeping patch in the 
stem of AOD affected Quercus robur showing the bacterial 
rot of live conducting tissues that degrade to form cavities in 
tree stems under the weeping bark patches.
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Isolation of microbes from stem lesions. Thousands of tissue pieces from necrotic 
lesion edges were plated onto a range of selective and general culture media to obtain 
microorganisms (bacteria and fungi) associated with the weeping lesions. For comparison, 
tissues from healthy trees were also tested. Strains were identified by sequencing the 16S 
rRNA and DNA gyrase B genes (for bacterial identification) and ITS1 genes for fungal 
identification (Denman et al 2016).

Detection of microorganisms from stem lesions using molecular tools. Metabarcoding 
analyses were carried out by Sapp et al. (2015). DNA was extracted from both healthy 
and lesion areas and the V3-V5 region of the bacterial 16S rRNA gene amplified using 
pyrosequencing. High-throughput metagenomic analyses were performed on material 
from different trees affected by AOD in different locations for wide coverage. Extracted 
DNA was depleted of host DNA and microbial DNA enriched with NEB (Next Microbiome 
Enrichment Kit) (Broberg et al. 2018).  

Whole-genome sequencing (WGS) and annotation of key bacteria in the AOD lesions. 
This work was a PhD study by James Doonan (Doonan 2016; Denman et al. 2017). 
DNA was extracted from pure cultures of Gibbsiella quercinecans, Brenneria goodwinii, 
and Rahnella victoriana (Doonan et al. 2019) and DNA sequencing libraries prepared 
and sequenced using the single-molecule real-time (SMRT) technology of the Pacific 
Biosciences RSII platform and Illumina technology. Genome assembly using HGAP3 
and SPAdes v3.5, and annotation using Prokka v1.11, was carried out for each bacterial 
species. Genes involved in pathogenicity were identified.

Meta-omic analyses of field lesions. To obtain evidence of the mechanisms that 
the bacterial species in AOD lesions were using to rot oak tissue the metagenome, 
metatranscriptome and metaproteome of inner bark tissue from AOD symptomatic 
and non-symptomatic trees were profiled in the field to characterize microbiota-host 
interactions in lesions. This was done to obtain evidence of mechanisms used by the 
bacteria that could be linked to the genome sequences of candidate bacterial species, 
arguing strongly for involvement in the rotting process (Broberg et al. 2018).

Results

Distribution of AOD in the UK. The key finding from the survey showed AOD positive 
sites were located in similar areas to those in the CSR, and including the CSR in the 
analyses enlarged the database for mapping and modelling resulting in more accurate 
modelling. This is a clear success for the involvement of CSR in epidemiology work. 
The survey expanded the known range of AOD, and confirmed that the disease was found 
in Southern and Central England and along the Welsh borders, but it demonstrated that 
some areas in England were under-reporting the disease particularly those in the South 
East (Brown et al. 2017).  

Local spread of AOD. Analysis of the stem bleeds on intensively monitored trees over 
a number of consecutive years showed that trees with stem bleeds tended to occur in 
clusters suggesting a biotic cause to the bleeds. Newly-bleeding trees clustered around 
trees with old bleeds and also around trees with exit holes, suggesting that the disease 
spread outwards from symptomatic trees. Findings implied a biotic cause of the weeping 
stem symptoms because the spatial pattern was not random or haphazard, indicating a 
potential role for vectoring of the disease (Brown et al. 2015).
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Associated predisposition drivers – landscape scale. AOD distribution has significant 
correlations with low rainfall and high temperature at low elevation sites, and with high 
dry-nitrogen deposits on leaf surfaces, and low dry (atmospheric) sulphur (Fig. 4). This 
information was used to model the high-risk areas for development of AOD. The study 
concluded that AOD is found in warm, dry sites and is not present in cooler, wetter sites, 
which are factors that correlate with the beetle’s life cycle requirements (Fig. 5; Brown 
et al. 2018).

Isolation of microorganisms from stem lesions. Both fungi and bacteria were isolated 
but there was no consistency of fungi associated with symptoms, and low levels were 
obtained. By contrast, significantly more tissue pieces from diseased trees (82%) yielded 
bacteria than healthy tree tissues (18%). Gram-negative bacteria in the Enterobacteriaceae 
and Pectobacteriaceae dominated the cultivatable lesion microbiomes whereas healthy 
tree microbiomes were dominated by a wide array of Pseudomonas species and Gram-

Figure 4/ Prediction map from logistic regression GLMM showing the probability of AOD occurrence 
(based on significant predisposition factors) as predicted by day degrees of 11.5 °C, annual rainfall, 
elevation, dry NOx deposition, dry SOx deposition, and base cation deposition (Brown 2018). 
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positive bacteria, showing a shift from a healthy tree microbiome to a pathobiome (a 
microbiome associated with disease) (Denman et al. 2016). Most species isolated were 
novel, leading to the creation of two new bacterial genera and the description of 13 new 
species (Brady et al. 2017). Brenneria goodwinii and G. quercinecans were consistently 
isolated from diseased tissues, but not healthy tissues, suggesting a causal role.

Detection of microbes from stem lesions using molecular tools. Metabarcoding and 
metagenomic studies confirmed the isolation results (Denman et al. 2017; Broberg et 
al. 2018), and provided strong evidence for a dominant role of B. goodwinii but also 
suggesting roles for G. quercinecans and R. victoriana. Additionally these highly 
sensitive assays detected B. goodwinii at very low levels in some of the healthy tissues 
from trees on diseased sites. Thus all three detection methods corroborated findings but 
each method brought a different dimension to the data and we recommend that all three 
methods be used when investigating complex diseases.

Whole-genome sequencing and annotation of key bacteria in the AOD lesions. WGS 
revealed genes that encoded for enzymatic degradation of plant cell walls (called PCWDEs) 
in all three bacterial species, but were particularly abundant in G. quercinecans. Genes 
producing pectinases, cellulases and tannases (enzymes that break down pectin, cellulose 
and tannin, all important components of oak tissues) were present in G. quercinecans and 
R. victoriana, and both had a type II secretion system, which is essential for transporting 
PCWDEs and therefore core to causing lesion/tissue degradation. By comparison the B. 
goodwinii genome encoded a type III secretion system, the well-known, and principal, 
virulence factor of established pathogenic bacteria, that produces molecules (effectors) 

Figure 5/ Results of GLM (logistic regression) models showing the probability of AOD occurrence in 
relation to four of the key environmental parameters. AOD is more likely as temperature increases, 
rainfall decreases, elevation decreases and dry nitrogen deposition increases. Trends are shown with 
bold black lines and the grey shaded areas show 95% confidence intervals (p<0.001 for each trend) 
(Brown et al. 2018). 
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that allow the pathogens to evade host immune surveillance and increase their numbers 
to become a formidable bacterial army, which then releases enzymes that break down 
host tissue. This work thus gave evidence of the inherent pathogenic potential of these 
bacterial species.

Meta-omic analyses of field lesions. Results showed upregulation of bacterial genes in 
symptomatic material, and upregulation of host defences. Bacterial pathogenicity factors 
included PCWDEs, reactive oxygen species (ROS), defence and flagella formation, 
signalling, biofilm formation, chemotaxis and motility, effectors and efflux pumps in 
AOD lesions. Brenneria goodwinii-related genes dominated the lesion microbiome, 
with significant expression of pathogenic genes such as the phytopathogen effector 
avrE. A smaller proportion of microbiome activity was attributed to G. quercinecans 
and R. victoriana. Host defence responses including reactive oxygen species, cell 
wall modification and defence regulators calmodulin binding and production, disease 
resistance, hormonal signalling, membrane receptors, ROS production and protection, 
and the WRKY superfamily of stress-response transcription factors were identified.

Discussion and conclusions

Research on the distribution and spread of AOD at the beginning of the project gave 
us confidence about where the disease occurred in the UK and of the dominant influence 
of biotic factors in the diagnostic symptoms. It also identified a new northern boundary 
to the occurrence of AOD that, with modelling, has been correlated with the thermal 
requirements of A. biguttatus. The modelling and testing using environmental parameters 
identified major factors driving the disease but also identified those limiting it. Further 
work will lead to early identification of susceptible trees and possible remediation and 
preventative management.

Pathological work has identified a number of new bacterial species and demonstrated 
their pathogenic potential and effect. More work is required to elucidate the precise 
mechanisms of operation, but for the first time, it has been shown beyond doubt that 
bacteria are the biotic causes of the weeping symptoms on affected oak trees. In the 
process we have challenged traditional orthodoxies of the one pathogen = one disease 
model. We have developed the idea of a pathobiome where necrogenic action is achieved 
by gene products of multiple species acting in concert, and we have provided a template 
for research testing disease complexes. We are also pioneering a holistic investigation 
approach for complex secondary decline syndromes on woody-plant hosts.

Photographers. Title page: Michel Timacheff (Quercus robur).
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Oak Mortality Patterns 
in the Midwest U.S.A.

Rose-Marie Muzika1* and Randall Morin2

ABSTRACT

Episodes of oak mortality, primarily associated with oak decline have been documented 
for at least 40 years in the lower Midwestern United States, particularly the Ozark Mountains 
physiographic region. In many ways, oak decline and mortality define the mid to late 
successional Quercus resource in that region and have contributed to successional development 
patterns. Trends associated with the latter half of the 20th century include dieback, decline, and 
mortality of Quercus, section Lobatae (Red Oaks). More recently, however, section Quercus 
(White Oaks) species have experienced mortality in a rapid manner. Etiology of decline and 
mortality between the two oak sections differs notably. We use a quantitative spatial and 
temporal analysis of repeated measurement plots to examine patterns in mortality across the 
region. Periods of Red Oak decline and mortality have been associated with discrete events 
such as drought years, but site conditions, stand density, and forest age contribute to the 
observed decline and mortality events. Recent concern and investigation into White Oak 
mortality reveals an absence of decline, per se, but abrupt mortality on otherwise vigorous 
individuals and forests. Phytophthora represents the most consistent biotic agent associated 
with White Oak mortality. This quantitative spatial and temporal indicates the importance of 
examining region- and subregion- wide mortality in addition to within forest patterns in order 
to develop hypotheses about current and future mortality and to understand forest change in 
a broad ecological context. 
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Introduction

Forest health concerns, particularly increased mortality of overstory trees, have 
gained attention from both scientists and policy makers. Tree death represents a natural 
component of forest development, succession and change; however novel stressors such 
as climate change and invasive species are likely to exacerbate forest health issues. In 
order to fully understand the extent of change from droughts, extreme events, invasive 
pests, it is necessary to understand trends in mortality over time, fundamental background 
mortality and evaluation of the relationship between climate, pests and forest health. 
Deviations from normal background mortality indicate unexpected trends and warrant 
investigation. 

Mortality over a large area can be difficult to measure, particularly with hardwood 
species that may be resilient to a single stressor such as drought or insect outbreak; 
hardwoods also experience decline that may be conflated with mortality. Declines at an 
individual tree level often represent die back rather than death. Episodes of hardwood 
declines in general, and in particular declines of species of Quercus, were common 
throughout the last century. Millers et al. (1989) recorded over 50 hardwood declines from 
the mid 1800s to the late 1980s, and oaks represent the most common species associated 
with declines in the Eastern U.S. deciduous forest. While decline may certainly involve 
mortality, it is distinct from mortality in the strict sense. In a classic forest pathology 
context, declines may be considered a long term, progressive development of loss of 
tree vigor, and possibly death. Capturing an estimate of mortality attributed to decline 
phenomena requires long time periods. Further, multiple factors are involved in declines 
and the etiology is complicated (Manion 1981). It is important to identify thresholds 
that distinguish declines from rapid mortality (Trumbore et al. 2015) to understand the 
relative importance of novel agents affecting forest health.

We review the spatial and temporal mortality of oaks in the Midwestern U.S. over 
the last few decades and describe differences in mortality patterns by species group and 
landscape. Hypothetically, this analysis may help identify potential causes of mortality 
and differences among mortality events. This information can help to further distinguish 
differences in etiology, and to identify which mechanisms have been factors in mortality 
that may be important in understanding future oak mortality. 

Location

We focus on the Ozark Highlands Ecological Section, particularly the area included in 
Missouri and Arkansas. The Ozark Highlands consists of a high plateau of steep hills and 
low rolling hills, with widespread areas of loess deposits. Bedrock consists of dolomite 
and sandstone; however the highest hills are igneous. This region is highly topographically 
dissected in areas, with steep slopes, but with gentle hills, and plains intermixed (McNab 
et al. 2007). Natural communities in this ecological section comprise primarily closed 
canopy forests with an admixture of open forest woodlands and savannas (Nelson 2010). 

Many of these forest communities are a mix of Quercus spp. and Pinus echinata 
(shortleaf pine), with some entirely dominated by oaks or by pines. This region has a 
long history of oak decline and mortality.

Much of the Ozarks was intensively logged in the early 20th century. Pine was often 
the most targeted species, but high-quality Q. alba (white oak) was also heavily logged. 
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Due to the regeneration limitations of pine, oaks often developed where pines had been 
harvested. Where the oaks were heavily logged, landscapes of sprout origin appeared. As 
a result, what was once a mixed pine-oak landscape became strongly oak-dominated with 
Q. alba developing on the more productive sites and oak species of section Lobatae (e.g., 
Q. coccinea and Q. velutina) developing on the former pinelands.

Also included in this analysis are the Boston Mountains Ecological Section, the 
Arkansas Valley Ecological Section and the Ouachita Mountains Ecological Section, all 
falling within western and northern Arkansas. The Boston Mountains section is principally 
plateau with limestone that is strongly dissected to form terrain of low mountains. As in 
the Ozark Highlands, forest vegetation consists of oak-hickory and oak-pine cover types. 
The Arkansas Valley consists of a folded, faulted, and uplifted belt of parallel valleys and 
ridges, moderately dissected. Historical vegetation was oak-pine and oak-hickory. The 
Ouachita Mountains were formed by tectonic faulting and uplifting into a narrow band of 
metamorphosed, parallel (east-west trending) mountain ranges. Historically, vegetation 
was oak-hickory-pine. 

Regional Quercus mortality

Data collected from the Forest Inventory and Analysis (FIA) program of the U.S. 
Department of Agriculture Forest Service were analyzed to quantify temporal and spatial 
mortality in oaks in Missouri and Arkansas. The FIA program conducts an inventory of 
forest attributes across the country (Bechtold and Patterson 2005). The FIA sampling 
design is based on a tessellation of the United States into hexagons approximately 2,428 
ha in size with at least one permanent plot established in each hexagon.

Current and historic data from the Ozark Highlands and Boston Mountains ecological 
sections (McNab et al. 2007) were extracted from the FIA database (Woudenberg et 
al. 2010; DataMart link https://apps.fs.usda.gov/fia/datamart/datamart.html). Ecoregion 
subsection-level estimates of total live volume and annual mortality volume (m3 of live 
trees ≥2.54 cm DBH) of oaks from section Lobatae and from section Quercus were 
generated for three complete inventories in each state, and the annual rate of mortality 
was computed as the ratio of annual mortality volume to total live volume. 

Findings

In a preliminary analysis of numbers of trees from Missouri alone it is apparent that Red 
Oak mortality numerically outnumbered White Oak mortality across three time periods 
(Table 1). Although increases in mortality of both groups occurred over the nearly 30 
years, White Oak mortality increased more dramatically. Between 1989 and 2007 there 
was a 15% increase in Red Oak mortality, but a 32% increase in White Oak mortality. 
Between 2007 and 2017, Red Oak mortality declined by 3% but White Oak mortality 
continued to increase, to 33% over the previous decade. 

Year Number of Dead Trees

Red Oaks White Oaks

1989 50,760,749 27,903,862

2007 58,646,671 36,749,614

2017 57,018,929 48,795,130

Oak Mortality Patterns in the Midwest U.S.A.
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Table 1/ Number of individual dead 
standing trees by oak group in re-
measured Forest Inventory and 
Analysis (FIA) plots in Missouri.



344 International Oaks, No. 30, 2019

RED OAK WHITE OAK

Ecological Section Ecological Subsection 2007 2012 2017 2007 2012 2017

Ozark High St. Francois Knobs and Basins 1.96 3.42 4.60 0.63 1.01 1.61

Ozark High Central Plateau 1.26 1.38 1.65 0.25 0.30 0.57

Ozark High Osage River Hills 1.48 1.64 1.26 0.45 0.38 1.1

Ozark High Gasconade River Hills 2.77 1.05 1.50 0.25 0.37 1.13

Ozark High Meramac River Hills 2.06 1.44 1.24 0.36 0.60 1.6

Ozark High Current River Hills 1.24 2.05 3.21 0.33 0.53 1.03

Ozark High White River Hills 1.10 1.27 2.37 0.55 0.67 1.27

Ozark High Elk River Hills 0.73 0.98 2.23 0.16 0.76 0.75

Ozark High Prairie Ozark Border 0.70 1.60 - 0.66 0.84 0.97

Ozark High Inner Ozark Border 0.54 0.43 0.71 0.33 0.85 0.76

Ozark High Outer Ozark Border 1.69 0.78 1.08 0.40 0.92 1.32

Ozark High Black River Ozark Border 1.56 2.65 3.26 0.56 0.55 0.54

Ozark High Springfield Plain 1.38 1.66 2.22 0.23 0.83 0.85

Ozark High Springfield Plateau 1.87 1.19 3.21 0.32 0.67 1.56

Ark Valley Eastern Ark. Valley & Ridges 0.92 0.85 2.35 0.29 0.49 0.73

Ark Valley Mount Magazine 1.00 1.21 8.68 0.40 0.11 1.12

Boston Mts Boston Mountains 1.28 1.65 3.58 0.48 0.32 1.32

Boston Mts Boston Hills 2.36 2.04 2.85 0.41 0.66 1.36

Oauchita Fourche Mountains 2.84 1.43 1.04 0.64 0.44 0.59

Oauchita West Central Ouachita Mts. 4.40 2.21 1.51 0.33 0.38 0.21

Oauchita East Central Ouachita Mts. 3.43 1.17 2.46 0.58 0.31 0.79

Oauchita Athens Piedmont Plateau 1.04 3.16 3.86 0.63 1.76 0.32

AVERAGE 1.46 1.45 2.00 0.41 0.55 0.96

Although number of dead trees provides an indication of mortality, it may not accurately 
represent mortality in that small trees die at a disproportionately higher rate than older, 
larger trees, and dead trees, particularly oaks, can remain standing for years after death. 
We therefore also use the estimate of average annual mortality of merchantable bole 
volume of growing-stock trees (at least 12.5 cm DBH) to account for “standing stock” 
mortality, i.e., annual mortality rate by ecological subsections (Fig. 1). 

Average annual mortality by volume indicates that Red Oak mortality was greater 
every year than for White Oak, and that in each ecological subsection analyzed Red Oak 
mortality exceeded White Oak (Table 2). Total mortality of White Oak rarely reached 
more than 1% (baseline mortality) across all subsections for each sampling period until 
2017, but Red Oak mortality frequently exceeded 1% in 2007, 2012 and 2017. Although 
mortality occurred across the region, variation in mortality was not consistent across the 
region (Fig. 2). 

Mapping mortality reveals most notably the low mortality in 2007 for White Oak (Fig. 
2). White and Red Oak mortality increase over time, with White Oak increases seeming 
more dramatic when comparing 2017 values with 2007 values. Red Oak mortality was high 
in all three time periods, but also geographically inconsistent as revealed through the maps. 

Table 2/ Mortality percentage by volume in Red and White Oaks, across three time periods in ecological 
subsections of the Ozark Highlands, Arkansas Valley, Boston Mountains, and Oauchita Mountains.



Figure 1/ Ecological subsections with large oak component 
in southern Missouri and northern Arkansas.
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With few exceptions, across the 
ecological subsections, maximum 
mortality for both Red and White 
Oaks occurred in 2017. In some 
ecoregions White Oak mortality 
decreased between 2007 and 2012, 
but mortality then increased in all 
ecological subsections by 2017. 
In 2007, none of the 22 ecological 
subsections had White Oak mortality 
over 1%. In 2012 only 2 of the 
ecoregions had over 1% mortality 
but by 2017, 50% of the ecological 
subsections had over 1% mortality. 
In contrast, Red Oak mortality 
exceeded 1% in every ecoregion but 
four in 2007 and 2012; and in 2017 
all but 1 ecological subsection had 
mortality over 1% for Red Oak.

Consistent decrease in oak 
volume occurred across the 
region although temporal and 
spatial differences were evident, 
particularly by examining the 
maps (Fig. 2). Apparent from 
this analysis, very few ecological 
subsections exhibited similar trends in mortality rates across all sampling periods, but 
only two subsections, West Central Ouachita Mountains and Meramac River Hills, 
revealed a consistent reduction in mortality, i.e., an increase in live Red Oak volume. 
White Oak mortality rate increased over time in the Meramac River Hills concomitant 
with that decrease in Red Oak mortality. For White Oak, the mortality rate in the Black 
River Ozark Border was nearly identical during each of the time periods, although this 
same ecological subsection had notable increases in Red Oak mortality over time. 

The strongest increase in mortality rate for Red Oaks occurred in the St. Francois Knobs 
and Basins, Mount Magazine, the Boston Mountains, and Athens Piedmont Plateau. All 
but the St. Francois Knobs and Basins fall within Arkansas and are topographically and 
geologically distinct from St. Francois Knobs and Basins. White Oak mortality also 
increased in these latter two subsections as well as in the Boston Mountains. 

The lowest overall mortality rate for Red Oak occurred in the southern ecological 
sections of Arkansas the northeast areas of the Ozark (Fig. 2). The greatest mortality 
rate for Red Oaks also occurred in Arkansas as well as in the more central-eastern area 
of the Missouri Ozarks. Many areas had decreased mortality from 2001-2012 and only 3 
ecological subsections have increases of more than 1%. Between 2012 and 2017 however, 
Red Oak mortality increased, particularly in the Arkansas Ozarks, and in Missouri in the 
Current River Hills and St. Francois Knobs and Basins.

The White Oak mortality rate across the 10-year period was lowest in the Arkansas 
Ozarks, as well as the Black River Ozark Border in Missouri. The greatest mortality rate 
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in that time frame clearly occurred in the Missouri Ozarks. Although many ecological 
subsections had increased morality rates during that time period, the increases were 
moderate and diminished in 6 of the ecological subsections. Between 2012 and 2017, 
mortality increased but only more than 1% in three ecological subsections.

For White Oak, only 2 ecological subsections, Meramec River Hills and Springfield 
Plateau had > 1% greater mortality rate from 2007-2017. Ten subsections have changes 
in mortality rates > 1 % mortality difference from 2001-2017 for Red Oak with 3 of these 
more than 2% and one more than 7%.

Synthesis

The data reported here do not attribute cause of mortality to particular distubance 
events or agents. There are numerous factors involved in tree mortality events ranging 
from abiotic factors, e.g., wind or other weather events, to a variety of biotic factors. Oak 
mortality in particular has been long noted as important in the lower midwestern U.S. 
In recent decades, drought has been implicated as an important predisposing factor. But 
drought alone rarely causes mortality, particularly if the drought occurs only in one year. 
Rather, the defining current paradigm incorporates interacting factors including native 
and non-native pests, drought, and land-use history (Haavik et al. 2015).

Temporally, mortality patterns are similar for Red and White Oaks, but the magnitude of 
the change and percentage mortality rate differ across the region between the two groups. 
Overall mortality of Red Oak was greater than of White, in part owing to the greater volume 
of the former. However, the steepness of the trend in mortality rates for White Oak suggests 
more punctuated events, whereas Red Oak mortality was generally less dramatic.

Fan et al. (2012) noted that Red Oak mortality was three to five times higher than 
White Oak in the Missouri and Arkansas Ozarks between 1999 and 2010, and suggested 
that droughts triggered the mortality in the region. Clearly, however the causal agent 
in mortality that extended until 2017 includes multiple factors. Alternatively, our data 
suggests that the lasting effects of drought may not be realized for several years.

Factors accounting for the increase in White Oak mortality rates from 2007-2017 may 
be more difficult to understand. White Oaks are not generally associated with decline to 
the extent that Red Oaks are. A study conducted in 2014 and 2015 identified multiple 
Phytophthora species associated with dead and declining White Oaks. These species 
included P. cinnamomi, P. cactorum, P. europaea and P. pini. Phytophthora cinnamomi 
was the most common and widely distributed species among plots sampled in the Ozark 
Highlands (Reed et al. 2019).

General reviews of Midwestern oak mortality, particularly of Red Oaks, include factors 
such as drought, abundance of mature Red Oak trees, infestations of some contributing 
factors such as Enaphalodes rufulus (Haavik et al. 2015), or the fungus Armillaria (Bruhn 
et al. 2000), but closer investigation reveals that the precise mechanisms of death are 
rarely understood (Wood et al. 2018)

Additionally, geographic inconsistency suggests that weather likely plays a minor 
role in mortality, or at least that it is not the only explanation. Shifts in mortality, e.g., 
increase in White Oak mortality through time in the Meramac River Hills concomitant 
with the decrease in Red Oak mortality, reflect a change in forest composition and the 
development of later successional stages. Therefore the mortality quantified in this paper 
in part reflects the changes in land use in some ecological units.



Figure 2/ Annual mortality rates of Red Oak and White Oak in ecological subsections across three 
time periods in southern Missouri and northern Arkansas. Shading within each subsection boundary 
represents the relative volume (living and dead) of Red and White Oaks, with darker shading 
corresponding to greater volume. 
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Although mortality may not be dramatic throughout the region, the long-standing 
mortality of Red Oaks and the relatively recent mortality of White Oaks represent 
volume losses that are not compensated by increased growth. Moreover, although 
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many explanations exist for mortality clear distinctions are necessary for distinguishing 
between long-term mortality (decline) versus abrupt mortality. These data affirm the 
understanding that declines are often associated with oaks in the Red Oak group, while 
White Oaks experience more distinct, event-related mortality. 

Observation or anecdotal information often draws attention to episodes of decline and 
mortality. Thus quantification of mortality represents a critical step in determining the 
relevance of the observation. Long-term repeated measurements of forest inventory plots 
remains the best means of determining patterns of forest change and tree mortality. 

Photographers. Title page: Béatrice Chassé (Quercus alba).
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ABSTRACT

Phytophthora ramorum, a microscopic pathogen belonging to Phylum Oomycota, 
has been causing sudden oak death in California forests for over 25 years. In the U.S., 
this pathogen primarily kills Quercus agrifolia (coast live oak) and other oaks in genus 
Quercus, section Lobatae, as well as Notholithocarpus densiflorus (tanoak); in the UK, 
Ireland and France, it also kills Larix kaempferi (Japanese larch) and causes stem cankers 
and/or foliar blight on a variety of native and non-native hosts including Fagus sylvatica 
(beech), Castanea sativa, (sweet chestnut), Q. falcata (southern red oak) and Q. rubra 
(northern red oak). In nurseries, the pathogen has been detected on popular ornamental 
plants (i,e., Rhododendron and Camellia), and eradication is mandated by quarantines in 
over 60 countries in Asia, Europe and North America. In the past several years the estimate 
of the number of trees killed by the pathogen in California, has increased 10 fold to over 
50 million. The apparent increase in estimated mortality underlines both our increasingly 
sophisticated understanding of this pathogen’s effects as well as its continued spread and 
infection of trees in western North America. This paper summarizes gains in pathogen 
understanding, new developments in pathogen distribution and activity, management 
approaches and research progress since 2014. In many ways we have learned a lot about 
P. ramorum. However, in terms of tree mortality, recent developments suggest that we are 
just beginning to foresee its potential to alter landscapes.
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Introduction

Phytophthora ramorum, a microscopic pathogen belonging to Phylum Oomycota 
within the kingdom-level Stramenopiles-Alveolata-Rhizaria “supergroup” (McCarthy 
and Fitzpatrick 2017), has been causing sudden oak death in California forests for over 
25 years. In the U.S., this pathogen primarily kills Quercus agrifolia (coast live oak), 
Q. kelloggii (California black oak), Q. parvula var. shrevei (Shreve oak), Q. chrysolepis 
(canyon live oak), and Notholithocarpus densiflorus (tanoak), although it can also kill 
Arbutus menziesii (madrone) and small individuals of other species; in the UK, Ireland 
and France, it also kills Larix kaempferi (Japanese larch) and causes stem cankers and/
or foliar blight on a variety of native and non-native hosts including Fagus sylvatica 
(beech), Castanea sativa (sweet chestnut), Q. falcata (southern red oak) and Q. rubra 
(northern red oak). In nurseries, the pathogen has been detected on popular ornamental 
plants (i,e, Rhododendron and Camellia), and eradication is mandated by quarantines in 
over 60 countries in Asia, Europe and North America (Kliejunas 2010).

In California, a recent estimate puts the number of trees killed by this plant pathogen 
since its introduction at nearly 50 million (California Oak Mortality Task Force 2018). 
In 2014, at the time of the most recent summary of pathogen activity to appear in this 
Journal (Frankel and Palmieri 2014), rough estimates found that only 5 million California 
trees had been killed. The apparent increase in estimated mortality underlines both our 
increasingly sophisticated understanding of this pathogen’s effects as well as its continued 
spread and infection of trees in western North America. This paper summarizes gains 
in pathogen understanding, new developments in pathogen distribution and activity, 
management approaches and research progress since 2014. In many ways we have learned 
a lot about P. ramorum. However, in terms of tree mortality, recent developments suggest 
that we are just beginning to foresee its potential to alter landscapes.

Frankel and Palmieri (2014) summarized P. ramorum’s appearance in California 
during the 1990s, its basic biology, the regulatory and management actions taken to 
curtail its spread, and its variable emergence in coastal California and other ecosystems. 
Monitoring of P. ramorum symptoms and impacts since 2014 has reinforced for observers 
the importance of local climatic conditions in disease development. Following a very wet 
winter in 2016-2017 on the U.S. West Coast and a very wet set of summer and autumn 
conditions in the UK, increasing numbers of symptoms and increasing tree mortality 

caused by P. ramorum have been 
observed up to the present day 
(California Oak Mortality Task 
Force 2018). As one example, the 
increase in the number of new 
outbreaks in Scotland has been so 
large that attempts to fell all infected 
trees had to be abandoned in favor 
of a priority zone at the periphery 
of the infested areas (Forestry 
Commission Scotland 2018).

International Oaks, No. 30, 2019

Photo 1/ Notholithocarpus densiflorus mortality along 
the first ridge inland from the ocean in Sonoma County, 
California, in 2018.
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Monitoring and new detections

The years 2017 and 2018 saw the detection of P. ramorum in at least two noteworthy 
places. The pathogen was detected for the first time in France in May 2017 on L. kaempferi 
in the Saint-Cadou forest in the Finistère department in western Brittany. By autumn of 
that year, the pathogen was affecting 47% of the L. kaempferi in the forest (Schenck et al. 
2018). Genetic analysis could not trace the probable source of the P. ramorum population 
in this French forest, but it strongly suggested that it did not come from the nearest likely 
source in the UK (California Oak Mortality Task Force 2018). Additionally, researchers 
from the UK and mainland Europe detected P. ramorum on natural vegetation and in 
water in the Lào Cai province of Vietnam. Preliminary information suggested that the 
isolate did not match any known genetic lineage, fueling speculation that this location 
could represent part of the pathogen’s native range (California Oak Mortality Task Force 
2018).

Scientific name Scientific name

Arctostaphylos glandulosa Eastwood manzanita

Arctostaphylos hooveri Hoover’s manzanita

Arctostaphylos montaraensis Montara manzanita

Arctostaphylos montereyensis Monterey manzanita, Toro manzanita

Arctostaphylos morroensis Morro manzanita

Arctostaphylos pallida Alameda manzanita, Oakland Hills manzanita, pallid 
manzanita

Arctostaphylos pilulosa La Panza manzanita, Santa Margarita manzanita

Arctostaphylos pumila dune manzanita, sandmat manzanita

Arctostaphylos rainbowensis rainbow manzanita

Arctostaphylos silvicola Bonny Doon manzanita, silverleaf manzanita

Arctostaphylos virgata Bolinas manzanita, Marin manzanita

Chrysolepis chrysophylla golden chinquapin

Cornus nuttallii Pacific dogwood

Lophostemon confertus (=Tristania conferta) Brisbane box

Notholithocarpus densiflorus var. echinoides shrub tanoak 

Pickeringia montana chaparral pea

Rubus ursinus blackberry, trailing blackberry

Trillium ovatum Western wake robin

Vaccinium ovatum red huckleberry

Vinca minor common periwinkle

Surveyors and diagnosticians continue to detect the pathogen on unexpected hosts. 
Some of the most severe impacts have appeared on Arctostaphylos spp. (manzanita), 
several of which are rare, threatened, or endangered (California Native Plant Society 
2019), and some of which were planted in infested sites in attempts to restore natural 
habitats (Swiecki and Bernhardt 2017c). Various other new hosts have been discovered 
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Table 1/ Phytophthora ramorum host plants discovered in the U.S. since 2011. Koch’s postulates have not 
been completed for some of these species, and they are pending USDA APHIS action to be added to the 
official U.S. host or associated host list.
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since USDA APHIS last published a list of official hosts in 2012-2013 (Table 1; California 
Oak Mortality Task Force 2018; Rooney-Latham et al. 2017; Swiecki and Bernhardt 
2017b). Two other developments have also emerged concerning hosts that have been 
known for many years. First, it was discovered that P. ramorum can cause cryptic bole 
cankers on Q. chrysolepis. These cankers produce almost no external symptoms, so 
that infected trees can go undetected for many years before death (Swiecki et al. 2016). 
Second, concern arose about the potential impacts of the EU1 genetic lineage on conifers 
in the western U.S. Up until 2015, this lineage was only found in Europe and in certain 
U.S. nurseries and associated waterways, but it was detected on a N. densiflorus in its 
natural environment in Oregon in February of that year (Grünwald et al. 2015).

The discovery of EU1 in Oregon wildlands prompted researchers to follow two 
lines of inquiry motivated by concern about this lineage’s introduction and impacts. 
Microsatellite alleles of the N. densiflorus isolate nearly but inexactly matched those 
of an isolate previously detected at a nearby retail nursery (which was subsequently 
closed), supporting the suggestion of Kamvar et al. (2015) that multiple independent 
introductions were responsible for the geographic extent and patterns of the sudden 
oak death epidemic in Oregon. Motivated by the possibility that the EU1 lineage could 
be more aggressive on conifers than the North American lineages (NA1 and NA2) – 
based on the EU1 lineage’s increased virulence on conifers in the U.K. and Ireland – 
researchers confirmed Koch’s postulates for this lineage on Abies grandis (grand fir) 
and Pseudotsuga menziesii (Douglas-fir) (LeBoldus et al. 2017) in preparation for more 
detailed pathogenicity studies (Association of Oregon Counties 2017). 

Research and management 

Despite waning allocations from large institutions and governmental organizations for 
P. ramorum investigations, researchers continue to learn valuable new information from 
both basic and applied projects. We highlight several examples below.

(1) Phytophthora ramorum and fire. Several research projects elucidated the interactions 
of P. ramorum, fire and vegetation. Forrestel et al. (2015) documented increased fuel 
loading in stands dominated by P. menziesii and Sequoia sempervirens (redwood) in 
coastal California, potentially leading to increased fire behavior for some period of time, 
and Shaw et al. (2017) found similar increases in a Q. agrifolia-dominated type. Varner et 
al. (2017) found that dead hardwood foliage is more flammable than P. menziesii foliage 
and that as infected hardwoods such as N. densiflorus die, accumulated surface fuels in 
resulting P. menziesii-dominated stands are expected to be less flammable. This process 
resembles mesophication trends in other situations where P. menziesii has increased in 
stand dominance, such as encroached oak woodlands in the north coast (Engber et al. 
2011). In a series of investigations over the past decade in the Big Sur area of California, 
where data on P. ramorum-infested and -noninfested plots were available both before 
and after two large wildfires, Metz et al. (2011; 2013; 2017) showed that wildfire severity 
and impacts to subsequent vegetation succession depend heavily on stage of disease 
development and its year-to-year effects on the fuels profile. These researchers documented 
that trees resistant to either wildfire or sudden oak death alone can suffer unexpectedly 
high damage from the convergence of both disturbances. Meanwhile, Simler et al. (2018) 
examined fire effects on N. densiflorus stumps in infested areas and found that while fire 
impacts and increased mortality of resprouting trees is possible in these areas, survivors 
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showed more robust growth because of release 
from competition. In the period from 2015-
2018, several large wildfires in both California 
and Oregon burned in P. ramorum-infested 
landscapes, including wildland-urban interface 
areas, providing future opportunities for more 
research into pathogen-fire interactions and 
effects (California Department of Forestry and 
Fire Protection 2018).

(2) Phytophthora ramorum in watercourses. 
Although P. ramorum is readily detected 
in stream water, we know little about its 
persistence or epidemiology in aquatic 
environments. Aram and Rizzo (2018) filled 
some of this knowledge gap by showing that 
one mode of P. ramorum persistence in streams 
is by colonization of naturally occurring, fallen 
green leaves and other fresh floating litter, 
although the pathogen does not effectively 
compete with other Phytophthora species 
for occupation of this material over the long 
term. Morgan (2017) made progress toward 
clarifying another infection route with the 
observation that such floating debris can cause 
infections on susceptible streamside vegetation 
when floodwaters strand the debris against 
trunks, branches, and twigs. 

(3) Phytophthora ramorum management. 
Applied, adaptive management projects in 
several locations over the last five years have 
clarified the potential of various techniques 
to slow the spread of P. ramorum outbreaks, 
prevent or delay infection onset, and cope with 
pathogen impacts on vegetated landscapes. 
Notable among these are Umbellularia 
californica (California bay laurel), the main 
sporulating host in California) removal 
projects undertaken in Jack London State Park 
(Sonoma County, CA), in 2014 and the UC 
Big Creek Reserve and Los Padres National 
Forest in Big Sur (Monterey County, CA) in 
2015 (California Oak Mortality Task Force 
2018). The objective of these U. californica 
removal projects is to prevent or delay initial 
infection by removing the primary inoculum 
source. Many of the U. californica tend to be 
small (less than 4.5 m) trees, so such projects 

Photo 2/ Notholithocarpus densiflorus mortality 
in an inland drainage in Mendocino County, 
California, in 2018.
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are often cost-effective as they discourage U. californica dominance and promote greater 
tree species diversity in the managed stand. In Redwood National Park in northern 
California (Humboldt County), management projects focused on eradication by removal 
of infected N. densiflorus and U. californica to create a large (100-400 m) host-free buffer 
zone around infected trees (California Oak Mortality Task Force 2018), but the project 
was abandoned in 2017 amid evidence that showed that even these large buffer zones 
were insufficient for eradication (Morgan 2017). Other projects that began as eradication 
attempts have also transitioned into broader-scale efforts to slow pathogen spread and/
or learn optimal techniques for removing susceptible hosts, preventing resprouting, and 
utilizing host woody material for environmental sustainability and carbon capture (Twieg 
et al. 2017). Restoration projects have also been undertaken that focus both on impact 
alleviation and future stand structure enhancement (e.g., Cobb et al. 2017).

Oregon remains committed to slowing the spread of the outbreaks; but continued 
pathogen spread has forced the state to concentrate on the periphery of the infested 
area, with intense focus on eradication efforts in areas known to harbor the EU1 lineage 
(California Oak Mortality Task Force 2018; Kanaskie et al. 2017). In England, Wales, 
Scotland, and Ireland, similar choices have had to be made for eradication projects in L. 
kaempferi plantations (Forestry Commission Scotland 2018; California Oak Mortality 
Task Force 2018). Meanwhile, research on management techniques elsewhere has made 
important discoveries related to such topics as efficacy and best practices for oak and 
tanoak treatment using phosphonate fungicides (Garbelotto 2018; Swiecki and Bernhardt 
2017a); the survival of P. ramorum propagules in compost (Swain and Garbelotto 2015); 
and new geospatial methods of visualizing the effects of sudden oak death management 
decisions on the landscape (Meentemeyer et al. 2017).

These selected topics only begin to describe the variety of ongoing P. ramorum 
research. New areas in research and management have been opened because of the 
detection in many places of a nursery-wildland connection for a variety of Phytophthora 
species, not only P. ramorum (Garbelotto et al. 2018; Jung et al. 2016). These detections 
have led to vigorous public awareness campaigns designed to transmit best practices for 
prevention of Phytophthora transmission to native trees, shrubs, and herbaceous plants 
(Frankel et al. 2018). Political action campaigns and the consideration of legislation 
relating to invasive species (e.g., California Senate Bill 287, which has not passed, to 
address habitat restoration projects and Phytophthora introductions; Assembly Bill 2470, 
which passed, to provide a legislative code basis and money to fund invasive species 
activities; California State Legislature 2019) show some progress in demonstrating to 
policymakers, vegetation managers, and others that invasive plant pathogens represent 
a substantial threat to public values and plant health and that the conservation of native 
habitat is worth a high level of public investment. Through its continued visibility as a 
threat to iconic oaks and tanoaks, the case of P. ramorum is likely to draw attention to 
this important point for years to come.  
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ABSTRACT

The registrars of the International Oak Society are responsible for registering, updating 
and locating new selections of oaks throughout the world. The majority of these come from 
North America and Europe. New cultivars are selected for a variety of reasons, including 
fall color, unique foliage, habit, form, or fruiting characteristics. These cultivars come to us 
in many ways. Although some are notified to us by their originators through the registration 
link on the IOS website, most must be tracked down individually via the Internet, nursery 
catalogs, various publications and data from collections. In many cases, this work requires 
traveling to gather information from breeders, nurserymen or collection holders, and to collect 
the Standard Specimens. The registrars welcome information about new cultivars or older 
cultivars that have not been registered yet. Please send this either to Eike Jablonski (Eurasia, 
Africa) or Ryan Russell (The Americas).
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Introduction

The International Oak Society was appointed by the International Society for 
Horticultural Science (ISHS) as International Cultivar Registration Authority (ICRA) for 
the genus Quercus in 1998. The system of ICRAs aims to promote stability in the naming 
of cultivated plants by publishing lists of authenticated names in a number of important 
groups of plants which are commonly cultivated (Trehane 2005). Guidelines for oak 
cultivar registration can be found at oaknames.org, the International Oak Society’s 
searchable taxonomic database that includes all names of botanic taxa and registered 
cultivar and Group names. This database is also accessible through the IOS home page at 
internationaloaksociety.org. 

A selection that is represented by a single plant in a collection or nursery is not a 
cultivar; it is just a single specimen. A cultivar is a taxonomic unit made up of a number 
of plants with the same set of characters. Therefore, a single selected plant needs to be 
(vegetatively) propagated to obtain a certain number of identical plants. The number 
of new oak cultivars selected or raised by nurserymen or collectors, or originating 
in botanical collections has risen rapidly over the last few years. The ICRA registers 
cultivar or Group names, describes the new cultivar and maintains records of the origin, 
characteristics, and history, without judgment of the value or distinctness of the cultivar. 
This is up to the breeder or finder of the cultivar.

The cultivars described here are accompanied by herbarium specimens that are 
deposited as Standard Specimens in the Harold Hillier Herbarium (HILL) at the Sir 
Harold Hillier Gardens, the International Oak Society’s official herbarium.

Europe

Many new selections arise out of Europe and it is no different this year. The United 
Kingdom, Belgium and The Netherlands have once again brought new cultivars forward. 

Belgium
Dirk Benoit (Pavia Nursery, Deerlijk) is not only a long-time member of the IOS, but 

he also cultivates over 150 taxa of Quercus at his nursery and has introduced several new 
cultivars into the trade. He has selected another interesting oak and has offered it at Pavia. 

Quercus ×sargentii Rehder 
‘Thomas’ (section Quercus; Q. 
montana Willd.× Q. robur L.). 
New cultivar. Leaves obovate 
to narrowly elliptic or narrowly 
obovate, 15-18 cm long by 6-8 cm 
wide with moderately to deeply 
lobed margins. Leaves have 4-6 
irregular lobes, rounded or retuse 
distally, with sinuses extending 
1/3-3/4 of the distance to midrib, 
subacute or rounded-acuminate 
leaf bases with short (0.7-1.5 cm) 
petioles. Secondary veins parallel, 
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Photo 1/ Quercus ×sargentii ‘Thomas’
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straight or in lower half moderately curved, 5-7 on each side. Dark green, glossy and 
glabrous above, light green below with remarkable dark red autumn color. Twigs light 
brown, buds light brown, ovoid, glabrous. Deciduous tree of medium size. This selection 
came as scions from Guy Sternberg, Starhill Forest Arboretum (Petersburg, IL) as Q. 
×sargentii (and not from the U.S. National Arboretum in Washington, as mentioned by 
some American nurseries). Selected for the remarkable autumn color (better than some 
Q. alba cultivars), for its resistance to powdery mildew, and for its excellent performance 
on compact soils of pH 7.0 and higher. Named by Dirk Benoit to honor his son Thomas. 
Standard Specimen Eike J. Jablonski 171009-02, Oct. 9, 2017, collected with Dirk Benoit 
from a cultivated tree at Pavia Nursery. Sir Harold Hillier Herbarium (HILL) No. 8263.

The Netherlands
Jo and Maarten Bömer (Bömer Nursery, Zundert) carried a nice selection of many 

species and cultivars in their nursery including Acer, Carpinus, Fagus, Pinus and 
Quercus. Some of their oak cultivars are not registered yet. The nursery is continued by 
their son David Bömer and his wife Chantal, but with a limited range of oak cultivars.                                 

Quercus serrata Murray ‘Theofaan’ (section Quercus). New cultivar. First listed in 
the Bömer Nursery catalogue in 1998. Oblong-obovate to ovate-lanceolate leaves of 
variable sizes, up to 15 cm long by 4-5 cm wide. Margined mainly in upper half of 
lamina with gland-tipped teeth; cupped and slightly misshapen. Small deciduous tree 
of short annual growth. Found in the late 1980s by Dick van Hoey Smith as a chance 
seedling in Arboretum Trompenburg and given to the Arboretum Oudenbosch. The name 
honors Brother Theofaan, Council Member of Arboretum Oudenbosch. Selected for its 
variegated pattern of the leaves (striped with greenish to greenish-white patterns between 
the veins) visible on both sides of the leaf. Standard Specimen Allen J. Coombes 970906, 
Sept. 27, 1997, collected in Arboretum Oudenbosch from original tree. Harold Hillier 
Herbarium (HILL) No. 2108.  

Rein and Mark Bulk (Bulk Nursery, Boskoop) grow many unusual species in their 
nursery and have been doing so since the 1950s. 

Quercus serrata Murray ‘Ishii’ (section Quercus). New cultivar. First listed in the Bulk 
Nursery catalog in the early 2000s. Leaves oblong-obovate to ovate-lanceolate, margined 
with gland-tipped teeth, bright green above, greyish-white beneath; in shape narrower 
than typical for the species; 10-13 cm by 4-5 cm. Leaves persist until late in the year. 
Camouflage-like irregularly striped 
fields of greenish to greenish-white 
patterns along the lateral vein 
segments, visible from both sides. 
Received from the Japanese nursery 
of Chikara (Mike) Ishii in the 
mid-1990s, it was selected for its 
variegated foliage but not named. It 
has since been distributed by Bulk 
Nursery and other Dutch, Belgian 
and Polish nurseries. It differs from 
the above selection of ‘Theofaan’ in 
leaf morphology, growth habit and 
origin. Standard Specimen Eike J. 
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Photo 2/ Quercus serrata ‘Ishii’



360 International Oaks, No. 30, 2019

Jablonski 180906-01, Sep. 6, 2018, collected with Bronisław Jan Szmit at Szmit Nursery 
(Pęchcin, Poland) from a cultivated plant. Harold Hillier Herbarium (HILL) No. 8260.

United Kingdom
Aberglasney Gardens (Carmarthenshire, Wales) has a rich history dating back to the 

mid-16th century. The Garden is open to the public all year.  

Quercus ×rosacea Bechst. ‘Aberglasney’ (section Quercus; Q. petraea (Matt.) Liebl. 
× Q. robur L.). New cultivar. Irregularly shaped leaves up to 14 cm long by 7 cm wide, 
with 5-8 taper-pointed, triangular to linear-lanceolate lobes on each side, ending in 
thread-like points. Lobes cut from one quarter to completely to the midrib, with the 
larger leaves occasionally having small, lateral lobes. Some leaves filamentous. Cuneate 
leaf bases with remarkably yellowish, 0.8-3-cm long petioles. No acorns observed 
yet, but the yellowish, long petiole suggests Q. petraea influence. The original tree, of 
unknown origin, was removed from the Garden as a 100 year old tree due to safety 
concerns about its stability. Fortunately, grafts had been made some years prior, and a 
replacement is now growing again in the collection. It was listed in the Garden as Q. 
robur ‘Pectinata’ or ‘Fennessyi’, which it is not, but may well be a seedling of the former. 
It is a small deciduous tree (4 m x 3 m), selected for its deeply cut foliage. Propagated 
in small numbers by a local nursery, and recently in Luxembourg and Belgium. Selected 
and named by Eike J. Jablonski with the permission of Joseph Atkin (head gardener at 
Aberglasney) to honor the garden where this selection was saved. Standard Specimen 
Eike J. Jablonski 180806-0, Aug. 6, 2018, collected with Joseph Atkin from the ortet at 
Aberglasney Gardens. Harold Hillier Herbarium (HILL) No. 8262.

Photo 3/ Quercus ×rosacea ‘Aberglasney’
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United States

New selections coming out of the United States have kept pace again this year, with 
four new cultivars. A wide variety of taxa can be found in the US and keen nurserymen 
and collectors are finding new uses for interesting selections. 

Minnesota
Josh Horky (Deluth) is an avid 

plantsman and conifer collector. 
He has found and propagated many 
new witches’ brooms including a 
few Quercus. 

Quercus macrocarpa Michx. 
‘Mother Lode’ (section Quercus). 
New cultivar. Obovate leaves 10-16 
cm long by 8-11 cm wide, with 7-9 
lobes per side, glabrous dark green, 
shiny above paler light green below. 
The leaf shape is similar to the leaves 
of the northern form of the species 
though the tree is more compact. 
Acuminate to acute leaf base with a 
distinct deep sinus midway up from 
petiole. Petioles 0.7-2.5 cm long. 
Stems thin to medium (0.2-0.4 cm), 
tan in color. Buds 0.2-0.3 wide and 
long, reddish-tan in color. Terminal 
buds with short stipules. No acorns 
observed. Found and selected by 
Josh Horky as a witch’s broom in a mature Q. macrocarpa in Minnesota. This cultivar 
was selected for its broad, oval shape and slow growth (1.8-2.1 m tall after 10 years). It 
would make a nice selection for those with a small garden or for collectors. It has been 
grown and offered by Handy Nursery (Oregon). Standard Specimen collected from a 
stock plant at Handy Nursery by Gary Handy, October 2018. Harold Hillier Herbarium 
(HILL) No. 8268.

Illinois 
Guy Sternberg (Starhill Forest Arboretum, Petersburg), founding member and former 

President of the IOS, he has selected a number of interesting oak cultivars.
Quercus ×guadalupensis Sarg. ‘Crimson Cross’ (section Quercus; Q. stellata 

Wangenh. × Q. macrocarpa Michx.). New cultivar. Cruciform, obovate leaves, 12-16 
cm by 8-12-cm, with 7-11 lobes per leaf, dark green shiny above, duller light green 
below with short, yellowish hairs below. Leaves show a strong affinity to Q. stellata 
parent. Cuneate leaf bases with deeply cut sinuses midway up from petiole. Petioles 0.8-
1.5 cm long. Stems medium to thick (0.5 cm), light tan in color. Buds 0.2-0.3 cm wide 
and long reddish-brown colored. Acorns 1.5-2 cm long by 1.3-1.5 cm wide. Cups 2 cm 
wide by 1 cm deep, with 1 cm long peduncles. Grown from seed collected in Nebraska 

Photo 4/ Quercus macrocarpa ‘Mother Lode’
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from a putative F1 hybrid Q. ×guadalupensis, this new cultivar is thought to be the 
product of a backcross (F2) to Q. stellata. Selected by Guy Sternberg for its exceptional 
excurrent form with branching developing at strong right angles to the central trunk, for 
the thick, glossy leaves resistant to damage and for the autumn color that begins with 
bright scarlet veins, extends through the leaf blade and eventually darkens to crimson. It 
is currently being propagated for release by Forrest Keeling Nursery, Ellsberry, Missouri. 
Named ‘Crimson Cross’ for its hybrid origin, brilliant fall color, and the cruciform 
leaves. Standard Specimen collected from the ortet at Starhill Forest Arboretum by Guy 
Sternberg, September 2018. Harold Hillier Herbarium (HILL) No. 8267.  

Colorado
Allan Taylor (Boulder) has many Southwestern oak selections under his belt, chosen 

from the myriad hybrids found in New Mexico, Colorado, Oklahoma and Texas. 
Quercus ×pauciloba Rydb. ‘Dolores River’ (section Quercus; Q. turbinella Greene 

× Q. gambelii Nutt.). New cultivar. Prickly, obovate leaves 2.5-5.5 cm by 1.5-3 cm, 
evergreen or tardily deciduous with 3-6 pointed lobes per side. Light powder blue above, 
duller blue green below with fine pubescence. Overall morphology shows Q. turbinella 
ancestry. Truncate to rounded leaf bases with 0.3-0.7 cm long, thin petioles. Stems thin 
to medium (0.2-0.4 cm) gray-tan colored with tiny (0.2 cm) light gray colored buds. 
Acorns 2-2.5 cm long by 1.5-1.7 cm wide, brown; cups 1.7-2 cm wide by 0.5-0.7 cm deep 
covering about one quarter of the acorn, with tightly appressed scales. Found in Montrose 
County, Colorado by Allan Taylor in around 1995 and selected for propagation in 2000. 
This cultivar was selected for its unique powder-blue, spiny foliage and a low, spreading 

Photo 5/ Quercus ×guadalupensis ‘Crimson Cross’



Photo 6/ Quercus ×pauciloba ‘Dolores River’
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habit. The ortet is about 4.5 m tall 
with double the spread. Heritage 
Seedlings (Oregon) has this plant 
in production as part of a Southwest 
Heritage Oaks program (see this 
volume, pp. 225-232). Standard 
Specimen collected from stock 
plant at Heritage Seedlings by Eric 
Hammond, October, 2018. Harold 
Hillier Herbarium (HILL) No. 8266.  

Quercus ‘Coconino’ (section 
Quercus). New cultivar. Tiny, 
obovate leaves, 1.7-3.5 cm long by 
1-1.5 cm wide, evergreen or tardily 
deciduous with 3-6 prickly lobes 
per side, blue-green above, duller 
green below with fine pubescence. 
Overall shape shows Q. turbinella 
ancestry, perhaps hybridized with 
Q. arizonica. Stems thin to medium 
(0.2-0.4 cm) gray-tan colored, with 
tiny (0.2 cm) buds. Acorns 1.7-2 cm 
long by 1-1.3 cm wide, brownish- Photo 7/ Quercus ‘Coconino’
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tan colored. Thin cups with tightly appressed scales; 1.3 cm wide by 0.3-0.4 cm deep 
covering about one quarter of the acorn. This cultivar was grown from seed collected in 
Oak Creek Canyon, Arizona in the early 1970s by Allan Taylor, and named after Coconino 
County where the seed was collected. It is a small, spreading tree (5.4 m × 4.5 m) selected 
for its attractive scaly bark, small, blue-green prickly leaves and single trunk. This plant 
is offered by Heritage Seedlings (Oregon) in their Southwest Heritage Oaks program. 
Standard Specimen collected from stock plant at Heritage Seedlings by Eric Hammond, 
October, 2018. Harold Hillier Herbarium (HILL) No. 8265.
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Lightning Talks
In 2012, at the 7th International Oak Society Conference in Bordeaux (France) we 

introduced field trips during the Conference. In 2015, in Lisle (United States), workshops 
made their appearance. This Conference saw yet another innovation integrate our triennial 
event: lightning talks.

The first recorded practice of lightning talks dates from 1997, though this appellation only 
appears in the year 2000, coined by Mark Jason Dominus.

The ingredients? An interesting subject, five minutes, fifteen slides that advance 
automatically every twenty seconds, a dynamic moderator – in this case, Taylor Lewis of the 
UC Davis Arboretum and Public Garden – and a good pinch or two of adrenaline.

On your mark, get set, go! 
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Julianne Skai Arbor (TreeGirl) 

Intimate Encounters with Wild Oaks 
3205 Dutton Ave. PMB #56, Santa Rosa, CA 95407, USA / skaiarbor@treegirl.org

Ancient oaks are ecological treasures, but we do not appreciate them often enough 
for their aesthetic beauty and as living beings with which we can mindfully connect and 
interact physically. As a certified arborist, naturalist, forest ecotherapist, and photographer 
in quest of meeting the world’s most amazing trees, I capture women intertwined nude in 
intimate connection with some of the world’s most fantastic, famous, and ancient trees, 
including oaks. My TreeGirl photography aims to remind people that “we are nature” 
and that being in the physical presence of charismatic trees brings us feelings of awe, 
connection, and biophilia (affinity for life) – a state of being quercophiles might call 
“oakgasmia” – a necessary part of mending the modern disconnection between humans 
and nature that is causing ecological collapse.

International Oaks, No. 30, 2019

Photo 1/ The Bowthorpe Oak Nest 
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While being fully unclothed is obviously not necessary in order to connect with trees, 
intimate contact can be – potential hazards aside – a pleasurable experience when done 
safely. Simply climbing a tree or resting in its presence is healing for the mind, body, 
and spirit, and provides information from direct experience about a tree that may not 
otherwise be attainable.

Conservation barriers such as fences, signs, and surveillance cameras, such as those 
at the famous Angel Oak (Quercus virginiana) in South Carolina (U.S.A.), while being 
well-intended, can ultimately prohibit people from having a personal connection with 
trees that could help their preservation, as well as create great fine art! 

My photographs include these charismatic species from California: Q. agrifolia (coast 
live oak), Q. chrysolepis (canyon live oak), Q. garryana (Oregon white oak), as well as 
England’s famous millennial Q. robur (the Bowthorpe Oak, the Major Oak, the Majesty 
Oak, and the Wyndham Oak) and Q. petraea (the Quarry Oak and the Queen Elizabeth 
Oak).

Jen Bayer and Hilary Bayer* 

Addressing the Roots of Threats to Oaks
Magic, Inc., PO Box 15894, Stanford, CA 94309, USA / *corresponding author: hilarymetta@gmail.com

For 40 years Magic has engaged in oak habitat stewardship on 1,000+ acres of Stanford 
University lands. We began with an eye to sustaining existing California native oak 
populations by planting acorns and seedlings where natural regeneration was failing. Soon 
we realized that more was necessary. 

We defended oaks against cattle, 
rodents, vandals, weeds, and fire. 
We advocated preventing their 
removal to make way for roads 
and buildings. We irrigated them 
through punishing droughts – at 
first, worse than any in the prior 
800 years, and afterwards, worse 
than any in the prior 1,200 – 
exacerbated by record heat. We’ve 
watched helplessly as an introduced 
pathogen (Phytophthora ramorum) 
took its toll. 

Having come to see the forest for 
the trees, we’ve increasingly seen 
the globe for the forest. In response 
we’ve shifted emphasis from what 
we do on the land to what we do 
with the human hearts and minds 
which are driving global ecosystem 
disruption.

Twenty thousand volunteers 
have learned with us to work for 
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Photo 2/ We started by planting acorns. We learned that to 
grow oaks on the land we also grow valuescience in hearts 
and minds. 



Photo 3/ Examples of Quercus hinckleyi root-sucker cuttings 
suitable for propagation. 
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the common good. Through oaks they’ve reconnected to a natural world increasingly 
concealed and mediated by technology. They’ve been motivated to think ecologically 
about everything from daily habits to underlying questions of value. While we take 
satisfaction in having established thousands of trees, hundreds of which now tower over 
us, we know that only by altering ideas about what humans want and how we can get it – 
and the actions we generate from those ideas – have we any hope of securing the future 
for oaks and for ourselves.

Adam Black 
An Alternative to Seeds for Ex-Situ Conservation
Peckerwood Garden, Hempstead, Texas 77445, USA / adam@peckerwoodgarden.org

Many of the dwarf, suckering oak 
species have restricted ranges and 
face various threats due to their often 
highly specific habitat requirements, 
resulting in many being of great 
conservation concern. Infrequent 
seed production or consistently 
non-reproductive populations 
hinder the development of ex-situ 
germplasm collections from wild-
collected material. We have found 
that propagation of these species by 
establishing root suckers excised 
from plants in situ is remarkably easy 
compared to conventional rooting of 
branch cuttings, with nearly a 100% 
yield when adequate material is 
available. 

A small, vigorous sucker preferably 
under 20 cm tall, is carefully severed 
from the periphery of the parent 
plant with a segment of at least 6-10 
cm of the subterranean stolon, and 
the foliage reduced to minimize 
transpiration. The cut end of the 
stolon is dipped in 0.01% IBA. For 
rooting media, 100% coarse grade 
perlite or 100% Profile™ Greens 
Grade™ has proven successful under 
intermittent mist combined with 
adequate air circulation. In most 
cases, root initiation readily occurs 
in 3-5 months, after which the rooted 
plants are transplanted into suitable 
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potting media. This method has worked equally well with suckers collected in late summer 
(with hardened current-season growth) as with dormant material collected in mid-winter. 
This propagation technique enhances Peckerwood Garden’s conservation efforts with species 
from West Texas including Quercus intricata, Q. hinckleyi, Q. toumeyi, and Q. fusiformis as 
well as sandhill scrub species from the Southeastern U.S. including Q. minima, Q. chapmanii, 
Q. inopina, Q. pumila, Q. myrtifolia, and Q. margarettae. 

Roderick Cameron

The Problem with Spanish Oak Names 
Grigadale Arboretum, Lobería, Prov. de Buenos Aires, Argentina / roderick@grigadale.org

Most Western European languages have a name that can be applied to any tree in the 
genus Quercus, one that can be traced to an ancient root that meant “oak” or “tree”. 
The Germanic languages of Northern Europe all have names derived from a common 
ancestor: oak, eik, Eiche, etc. As there are few native oaks species in that region, common 
names use a modifier to distinguish different oaks, e.g., common oak and sessile oak. 
The Italic languages have more oaks to name and so common names are numerous, but 
in most cases one name still covers all oaks: quercia in Italian, chêne in French, and 
carvalho in Portuguese, all descended from a common ancestor. 

In Spanish, however, there is not a clear generic name for oaks. The one that comes 
closest is roble, derived from the Latin robur and ultimately from a root meaning “red”. 
But roble is understood to refer only to deciduous species and is not universally accepted 
by Spanish speakers as a generic name.

Figure 1/ Common names in Spanish are numerous and derive from several roots in Latin, as well as 
Basque and Arabic. Due perhaps to this variety, there is no clear generic name for oaks in Spanish.



Figure 2/ Percentage of oaks in each Red List assessment category.
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As far as oaks are concerned, Spanish speakers are divided by a common language. 
Spain and South America use roble as the generic name for oak, whereas Mexico and 
Central America use encino, a variant of encina, the common name for Quercus ilex. 
These names lack good roots: they do not derive from an ancient word meaning “oak”. 

Spanish needs a new name for oaks. So let’s take the Latin quercus and convert it to 
Spanish, which is how many other Spanish tree names were formed (e.g., pino, derived 
from pinus). The ending “-us” becomes “-o”, and the initial “qu” is pronounced as a hard 
“k” sound, following the standard evolution from Latin to Spanish: querco (ker-ko). This 
new name has sound etymological roots and can be used to refer to all oaks by Spanish 
speakers the world over. 

Christina Carrero,* Diana Jerome, and Murphy Westwood

Using the IUCN Red List to Assess the Global 
Status of Oaks
The Morton Arboretum, 4100 Illinois Route 53, Lisle, IL 60532-1293, USA / *corresponding author: 
ccarrero@mortonarb.org

The International Union for Conservation of Nature (IUCN) Red List is a globally 
recognized, objective system for assessing the extinction risk of plant and animal species 
based on past, present, and projected threats. The risk-extinction evaluations that have 
been completed for a certain number of oak species are based on conducting literature 
reviews, analyzing species ranges, and conferring with local experts. These assessments 
serve as a baseline for our current understanding of the state of the world’s oak species 
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and an authoritative guide for future conservation action. 
Our goal is to assess all of the world’s roughly 450 oak species. In 2017, we completed 

assessments for all 91 native species of United States oaks and published The Red List 
of US Oaks* that details the distributions, population trends, and threats facing these 
species. We have now focused on assessing the rest of the oaks of the Americas (~180 
species) and the oaks of Asia (~178 species). The assessments for the oaks of Asia will be 
done in collaboration with Joeri S. Strijk. There are over 30 species that are likely Data 
Deficient, meaning we do not have sufficient information to assign them to a threatened 
or a non-threatened category. Collaboration with oak experts is needed to complete 
their assessment and more accurately determine their threat status and need for future 
conservation.

* Jerome, D., E. Beckman, L. Kenny, K. Wenzell, C.-S. Kua, and M. Westwood. 2017. The Red List of US Oaks. 
Lisle, IL: The Morton Arboretum.

Fang K. Du,* Jia Lyu, Jia Song, Yuan Liu, Yuyao Wang, and Junqing Li 

Species Boundaries Between Three Sympatric 
Oak Species in China
Molecular Ecology Lab, College of Forestry, Beijing Forestry University, Beijing, China  / *corresponding author: 
dufang325@bjfu.edu.cn 

Oaks are important timber trees with wide distributions in China, but few genetic 
studies have been conducted on a fine scale. In this presentation, I introduce the genetic 
diversity and differentiation of three sympatric oak species (Quercus aliena and Q. 

Figure 3/ Distribution in China of three sympatric oak species. (A) Quercus variabilis (B) Q. aliena (C) 
Q. dentata.



372 International Oaks, No. 30, 2019

dentata from section Quercus, and Q. variabilis from section Cerris) in their northern 
distribution in China using 17 bi-parentally inherited nSSRs markers and 5 maternally 
inherited chloroplast DNA (cpDNA) fragments. 

Both the cpDNA and the nSSRs show a high level of genetic differentiation between the 
two different sections. The chloroplast haplotypes are clustered into two lineages. Clear 
species boundaries are detected between Q. variabilis and either Q. aliena or Q. dentata. 
The sharing of chloroplast haplotype H1 between Q. aliena and Q. dentata suggests very 
recent speciation and incomplete lineage sorting or introgression of H1 from one species 
to another. The nSSRs data indicate a complete fixation of variation within sites for 
all three oak species. They also indicate that extensive gene flow occurs within species 
whereas only limited gene flow is detected between Q. aliena and Q. dentata, and nearly 
no gene flow can be detected between Q. aliena and Q. variabilis or between Q. dentata 
and Q. variabilis. Prezygotic isolation may have contributed to the species boundaries of 
these three sympatric oak species.

Damien D. Hinsinger1,2* and Joeri S. Strijk1,2,3  

Combining Molecular Data to Reconstruct 
Oak Evolution
1. Guangxi Key Laboratory of Forest Ecology and Conservation, Guangxi University, DaXueDongLu 100, Nanning, 
Guangxi, 530005, China / 2. Alliance for Conservation Tree Genomics, Ban Wat That, PO Box 959, 06000 Luang Pra-
bang, Lao PDR / 3. State Key Laboratory for Conservation and Utilization of Subtropical Agro-bioresources, Guangxi 
University, Nanning, Guangxi 530005, PR China / *corresponding author: damien.hinsinger@yahoo.com

Oaks were one of the first groups described by Linnaeus, but both their diversity and 
their broader evolutionary history remain largely unknown, especially in understudied 
regions like Asia.

Despite recent advances in our understanding of North American and Asian oak 
evolution, major questions remain, notably concerning both the divergence and the 
relationships between and within the different currently recognized subgenera and 
sections.

Here we investigate the diversity and evolution of the genus Quercus using low-
coverage whole-genome shotgun sequencing (WGS). We recovered both complete 
chloroplasts and nuclear ribosomal cistrons (NRC) by a genome-skimming approach. We 
also analyzed genotyping-by-sequencing (GBS) data, as well as the k-mer phylogenetic 
signal using the AAF (assembly and alignment-free) method for representative subsets of 
species from each section.

The incongruence between both AAF and GBS analyses versus the assembled 
plastomes and NRC showed that hybridization patterns are common at various levels in 
different sections, with sections Ilex and Cerris being the most affected.

We estimated that the divergence and diversification of oaks occurred during the 
mid-Eocene climatic optimum. This suggests that global cooling experienced by oaks 
since the end of the Eocene triggered their diversification by isolating continental flora 
previously connected through the boreotropical forest biome.

This study highlights the potential of low-coverage WGS for reconstructing the 
evolutionary history of oaks (and other genera in the family Fagaceae), as well as the 
complex history of the genus, tightly linked to past changes in climate. In combination 
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with previous and ongoing more detailed studies focusing on specific lineages (like 
sections Quercus and Lobatae in North America), it is likely that we will soon be able to 
delineate the global history of oaks. Finally, our results allow for the first phylogenomic 
analysis at the family level including the most speciose genera, combining hundreds of 
taxa with either thousands of loci (GBS, AAF) or dozens of thousands of basepairs.

Figure 4/ Maximum likelihood phylogenomic tree built from genotyping-by-sequencing (GBS) data. 
Values at nodes are SH-like values; scale in substitutions per site.
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Jonathan W. Long,1* Andrew Gray,2 and Frank K. Lake3

Recent Trends in Large Hardwoods in the 
Pacific Northwest
1. USDA Forest Service, Pacific Northwest Research Station, Davis, CA 95618, USA / *corresponding author: jwlong@
fs.fed.us / 2. USDA Forest Service, Pacific Northwest Research Station, Corvallis, OR 97331, USA / 3. USDA Forest 
Service, Pacific Southwest Research Station, Arcata, CA 95521, USA

Several hardwood species can form large trees in the Pacific Northwest of the United 
States: Quercus kelloggii, Q. garryana, Q. chrysolepis, Notholithocarpus densiflorus, 
Chrysolepis chrysophylla, Acer macrophyllum, Umbellularia californica, and Arbutus 
menziesii. These species provide fruits or other benefits important to Native American 
tribes, and they form large cavities that are important to rare wildlife. However, shifts in 
fire regimes resulting from fire suppression have allowed conifers to encroach and limit 
the development of full-crowned hardwoods, while also contributing to high mortality of 
mature trees when wildfires do occur. 

To evaluate potential declines, we examined data from nearly 4,000 Forest Inventory 
and Analysis plots. We restricted the study areas to those that historically had a frequent 
fire regime and that were suitable habitat for Pekania pennanti (Pacific fisher), a rare 
forest carnivore that needs large live hardwoods. At different periods from 1991 to 2016, 
we examined conditions across public and private ownerships within six ecoregions. 

Results suggest that the hardwood species are stable or increasing, which is consistent 

Photo 4/ Severe wildfires threaten ecosystem services provided by large hardwoods, such as this 
Notholithocarpus densiflorus used by animals to cache acorns within a fire scar. 
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with expectations for changing climate in the region. However, Q. kelloggii tended to 
experience declines, especially on national forest lands and in three ecoregions – the 
Sierra Nevada, California Coast Range, and Klamath – which collectively contained 92% 
of the Q. kelloggii basal area and which have had increasing amounts of high-severity 
fire. We also found substantial decreases, over 40%, in the basal area of open-grown and 
dominant trees that were medium sized or larger. 

Continued analysis of these indicators as more inventories are completed will increase 
the power to detect significant trends, and to evaluate whether conservation efforts are 
sustaining large, full-crowned trees and their associated benefits.

Diane Pepetone

Twenty-two Years of Oak Woodland 
Conservation
L’Monte Information Services, 1190 N State St # 378, Ukiah, CA 95482, USA / diane@lmonte.com

An estimated 80% of California oak woodlands are privately owned. The presenter 
and her partner became part of that number in August 1994 when they moved to a small 
20-acre parcel in Northern California. 

From the beginning they appreciated the oak woodland as a vital force provisioning 
the local ecosystem with food in various forms and providing less visible services, such 
as sequestering of carbon and attenuating local weather extremes. During the first year on 
the land, they took an informal inventory of oaks on the property and found many mature 
oaks with diameter at breast height (DBH) between 25 inches to more than 65 inches, 
fewer oaks with a DBH of 8 inches to less than 25 inches and no trees with a DBH of 
less than 8 inches. Their concern about the lack of young oaks crystalized into an oak 
conservation project. 

Over the next 22 years they developed a simple protocol, requiring few resources, 
that has succeeded in adding over 150 young oak trees ranging from 2 to 30 feet in 
height. This talk described their experiences and the benefits and disadvantages of each 
method they experimented with for planting, protecting, and inventorying young oaks. 
Their hope is that sharing experiences in oak conservation will inspire and inform other 
landowners to become involved in oak conservation. 

Devii Rao,1* Bill Tietje,2 Luke Macaulay,1 and Judi Young3 

Sharing Oak Woodland Research through a 
Popular Website
1. University of California Cooperative Extension, 3228 Southside Road, Hollister, CA 95023, USA / *corresponding 
author: drorao@ucanr.edu / 2. University of California Cooperative Extension, 2156 Sierra Way, Suite C, San Luis 
Obispo, CA 93401, USA / 3. YoungDigital, San Luis Obispo, CA, USA

Since its creation in 1995, the University of California Oak Woodland Management 
website has been a valuable educational resource. Based on Google Analytics data from 
2011 to 2017, the website receives an average of 45,000 users annually. It is a repository 
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of nearly 30 years of research and outreach data on the ecology, management, and 
conservation of California’s eight million acres of oak woodlands.  

Recent staff retirements and changes in website standards created a need for an update 
and redesign. To accomplish this, the University of California Cooperative Extension 
received a Renewable Resources Extension Act Capacity Grant in 2017. The grant 
allowed us to reformat the website for mobile devices (which about half of our visitors are 
using), make the website more functional and visually appealing, add the latest research, 
and promote the website to groups who have not historically used it, in particular the 
ranching community. The new website (oaks.cnr.berkeley.edu) is expected to go live in 
Spring 2019.

To increase user friendliness, we developed links at the top of the home page for 
the three primary target audiences: homeowners, land-use planners, and ranchers. 
On the home page, we also highlighted five topics that receive the most hits: species 
identification and ecology, oak regeneration and restoration, economic and ecological 
values of woodland stands, threats to oak woodlands, and woodland wildlife. 

Our new flexible website design will allow us to continuously meet the needs of our 
clientele. With our new look and expanded reach, we hope that the website will be a 
one-stop shop for everything people need to know about oak woodland conservation and 
management.  

Shyamali Roy 

Evaluating Impact of Disease on Microbial and 
Insect Populations 
University of Reading, Whiteknights, Reading, RG6 6AH, UK / S.R.Roy@pgr.reading.ac.uk

The two native oak species in the UK, Quercus robur and Q. petraea, are in decline 
due to the emergence of new pests and pathogens. Acute oak decline (AOD) is one such 

Figure 5/ New website home page.
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disease that is likely to have not only a devastating effect on the oak tree populations but 
also a consequent impact on the many important organisms dependent on them. 

To begin with, the composition and abundance of insect herbivores and microbial 
endophytes associated with healthy oak trees in the UK were determined. Phenological 
and morphological measurements of the host trees were taken, insect herbivore species 
were recorded, and microbial endophytes were identified using next-generation 
sequencing. 

Date of budburst in the spring was a major determining factor in the abundance of 
leaf-chewing and galling insects – something to be considered when moving trees in 
assisted migration. Many insect herbivores showed a preference for either Q. robur or 
Q. petraea. It appears that the same community of bacterial and fungal endophytes is 
present in Q. robur and Q. petraea, but the overall abundance of endophytes is higher 
in Q. robur. 

Photo 5/ Insect herbivores associated with oak trees in Earth Trust’s Paradise Wood, Oxfordshire, UK. 
From top left to bottom right: Andricus curvator, leaf roller (unknown species), Orchestes avellanae, O. 
quercus. 
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To understand how AOD may be influencing these endophytic microbial communities, 
oak trees from various affected woodlands in the UK were sampled, including seemingly 
“healthy” trees and trees displaying the characteristic stem bleeds of AOD. Bacterial 
and fungal endophytes within the leaves and inner bark were determined using next-
generation sequencing. The results, expected shortly, should indicate how AOD is 
influencing the wider oak community and may identify beneficial microbes that could 
either reduce disease or promote tree growth. 

It is hoped that the information collected here will enable us to better understand 
oak communities and help us to predict the possible impact of climate change on oak 
woodlands in the UK.

Steven Swain

Managing Sudden Oak Death: What Works 
and What Doesn’t
University of California Agriculture and Natural Resources, Novato, CA 94947, USA / svswain@ucanr.edu

Many treatment methodologies 
have been proposed to both 
prevent and cure oaks infected with 
Phytophthora ramorum, the causal 
agent of sudden oak death. Bark 
scribing, a treatment technique 
listed by the University of California 
Integrated Pest Management 
program to therapeutically treat 
Phytophthora-infected citrus trees 
with a treatment history going 
back nearly 100 years, seemed 
to show promise, especially after 
uncontrolled pilot studies on 
Phytophthora-infected oaks seemed 
to show that treated trees had a 
survival rate higher than 80% in 
the field. However, controlled, 
replicated studies done on branches 
of mature oaks show that the 
situation is much more complicated 
than expected. 

Of the approximately 60 trees 
used in the study, about one third 
resisted the pathogen so effectively 
that no growth occurred in either the 
treatment inoculations, the control 
inoculations, or both, and in most of 
these cases no living isolate of the 

Photo 6/ Horizontal measurement of a backup inoculation 
point (marked B). Original inoculation was 10 mm in 
diameter. Negative controls typically showed associated 
necrosis to be about 12-15 mm in diameter, which is the 
approximate size of the blackened area in this image. The 
remaining darkened area inside of the disease margin 
represents pathogen growth since time zero. 
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pathogen could be recovered (though residual pathogen DNA could be detected via PCR 
in many of these lesions). Another sixth or so of the trees were killed by the inoculation, 
and therefore could not be used for this study. The remaining half of the oaks showed no 
significant difference between treatments and controls, even at the 95% confidence level. 

Our interpretation of the results is that oaks are surprisingly good at killing P. ramorum, 
even if they do not always survive infection. Our findings have been corroborated by 
researchers using different field techniques. Thus, when practitioners utilize tools such as 
bark scribing to treat infections, results cannot be reliably interpreted from the survival 
rates of treated trees alone. Furthermore, our results cast doubt upon the purported efficacy 
of bark scribing as a treatment technique, even in such “proven” systems as citrus.  

I would like to acknowledge Matteo Garbelotto and Doug Schmidt of UC Berkeley, 
coauthors of this study.

Elise Willis

The Great Oak Count and the OakWell Survey
Canopy, 3921 East Bayshore Rd., Palo Alto, CA 94303, USA / elise@canopy.org

In the area known since 1971 
as Silicon Valley, the last two 
centuries have seen oak woodlands 
become largely eliminated, first 
by agricultural conversion and 
later by rapid development and 
urbanization. Twenty years ago, 
a dedicated group of volunteers 
conducted The OakWell Survey, 
a citywide inventory of Quercus 
agrifolia, Q. lobata, Q. douglasii, 
and Q. kelloggii, in order to create 
a baseline for future evaluation of 
changes in Palo Alto’s native oak 
population. 

Today, there is increasing 
recognition that reintegrating oaks 
in our parks and urban landscapes 
promises a host of benefits, both 
for wildlife and for people. As a 
first step, Canopy and partners have 
revived The Great Oak Count, a 
comprehensive survey of native 
oaks in Palo Alto. We actively 
educate the community about the 
importance of native oak trees and 
how to properly care for them. By 
engaging residents to use our new Photo 7/ A volunteer in The Great Oak Count in Palo Alto. 



Tree Plotter tool and inviting citizen scientists to gather data on the number, size, and 
locations of oaks in Palo Alto, we gain community support and valuable data collection. 

This effort will reveal the changes that have occurred in the native oak population and 
help inform urban forest managers and re-oaking efforts for the coming decades. The last 
wave of urban tree plantings 50-75 years ago needs to be continued today and we now 
have the chance to shape our environment once again. With hundreds of years behind us, 
we move forward to the new generation of oak plantings and oak advocates.

Photographers. Photo 1: Julianne Skai Arbor. Photo 2: Phil Robertson. Photos in Fig. 3: Fang Du. Photo 
4: Frank K. Lake. Photo 5: Shyamali Roy. Photo 6: Steven Swain. Photo 7: Elise Willis.
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Charles H. Cannon 

Global Fagaceae Research and Conservation 
Working Group Launched
Center for Tree Science, The Morton Arboretum, Lisle, IL 60532, USA / ccannon@mortonarb.org

The idea for a Global Fagaceae Research and Conservation Working Group was 
initiated at the 2017 meeting of the IUFRO (International Union of Forest Research 
Organizations) Special Working Group of Fagaceae Genomics and Genetics held at the 
Chenshan Botanical Garden in Shanghai, China. 

The aim of this workshop was to recruit participants and ideas for a proposal to the 
U.S. National Science Foundation to support a Research Coordination Network (RCN; 
www.nsf.gov) to bring together a multidisciplinary group of professional and citizen 
scientists with research priorities and strategies to greatly enhance our understanding of 
the family Fagaceae as a model tree group. 

With over 30 participants attending the workshop, the core aspects of the proposal 
were developed and the key players who would serve as coleaders were identified. The 
focus at the family level aims at examining the differences that exist between the various 
genera – for example, between the tropical and temperate groups, between wind- and 
insect-pollinated groups, between species-rich versus species-poor lineages. The Group 
also aims to facilitate the transfer of scientific resources and expertise, which is rapidly 
growing for Quercus, onto the more poorly studied but equally fascinating Asian lineages, 
like Lithocarpus and Castanopsis.   

For the purposes of the RCN proposal, the four main topics of the Group will be: 
(1) defining and prioritizing the major aspects of functional/physiological traits, 
genomic diversity, life history characteristics, and abiotic/biotic interactions that 
determine the ability of trees in the family Fagaceae to adapt to the rapid and 
unprecedented environmental and land-use changes of the Anthropocene; (2) 
establishing community-wide standards for protocols, materials and resources for 
genotypic and phenotypic studies to enable comparative studies across research labs 
and taxonomic groups; (3) identifying meaningful and feasible research projects for 
a global community of citizen scientists to monitor the response and vulnerability 
of these trees; and, (4) translating the outcomes and products of the first three topics 
into conservation research strategies, policies, and activities that will have an impact. 

Frank K. Lake1* and Don Hankins2 

Climate Change and California Native 
Cultures Uses of Oaks: Food, Art, and Tribal 
Identity  
1. USDA Forest Service, Pacific Southwest Research Station,1700 Bayview Dr., Arcata, CA 95521, USA / *correspon-
ding author: franklake@fs.fed.us / 2. California State University, Chico, 400 W 1st St., Chico, CA 95929, USA

This workshop brought together California tribal oak practitioners and artists to share 
their knowledge, stories, and experiences with oaks as part of their cultural identity 
as “acorn people.” Invited tribal presenters demonstrated both traditional and modern 

International Oaks, No. 30, 2019



383

cooking methods for making soup with flour made from the acorns of Quercus kelloggii 
(black oak) and Notholithocarpus densiflorus (tanoak). Participants at the workshop had 
the opportunity to taste the results.

Tribal presenters demonstrated how oak materials are used for artistic inspiration, and 
explained their importance in cultural identity, while others showed the tools used in 
acorn processing, explaining their function and how they are used. Participants learned 
how acorns and other parts of the trees are used to make a wide range of objects, including 
cooking implements, toys, baskets, jewelry, etc. 

Workshops
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Photos 1a-d/ From grinding, to cooking, to tasting. 

a

c d

b
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Participants also learned how climate change, resource management and socio-
ecological factors affect the relationship California’s Native Americans have with oaks. 
This workshop provided a unique opportunity to learn about these Native American 
cultural practices and the significance of the oak in them.  

Prahlada Papper

Open Citizen-Science Protocols for Contributing 
to Informal Oak Research Networks
Department of Integrative Biology, University of California, Berkeley, CA 94720, USA / prahlada@berkeley.edu

This workshop focused on open citizen-science protocols and public databases for 
monitoring oaks, especially California oaks and oak woodlands. A few common themes 
were identified among the protocols, such as response to climate change, pests and 
pathogens, and fire. Highlighted projects included the California Phenology Project, 
USFS Live Fuel Moisture monitoring, SODblitz, and a variety of cooperative protocols 
for pre- and post-fire monitoring of oak woodlands. These diverse protocols all emphasize 

Photo 2/ Open citizen-science protocols could play a role in preserving precious oak landscapes for the 
future.
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medium- and long-term data collection by trained volunteers. Opportunities, resources, 
and contacts to assist with organizing trainings and initiate local monitoring were 
discussed.

Issues concerning volunteer engagement and retention were also important topics, 
especially given the level of commitment required for these more intensive citizen 
science projects. Workshop participants shared a variety of experiences and ideas to 
address these issues.

Two action items that emerged from the workshop were 1) the organization of an 
online resource to gather information about citizen science projects specifically aimed 
at oak and oak woodland monitoring and 2) the development of an open protocol and 
database for monitoring oak recruitment and mortality throughout California. 

Murphy Westwood,1,a* Pam Allenstein,2 Emily Beckman,1 Tim Boland,3 
Matthew Lobdell,1,b and Abby Meyer4

Establishing a Consortium of Ex-Situ  
Conservation Collections for Threatened 
North American Oaks
1. The Morton Arboretum, 4100 Illinois Route 53, Lisle, IL, USA / (a) Oaks of the Americas Conservation Network / 
(b) Plant Collections Network / * corresponding author : mwestwood@mortonarb.org / 2. American Public Gardens 
Association, 351 Longwood Road, Kennett Square, PA 19348, USA / 3. Polly Hill Arboretum, West Tisbury, MA 02575, 
USA / 4. Botanic Gardens Conservation International-US (BGCI-US), Huntington Botanical Gardens, 1151 Oxford Rd., 
San Marino, CA 91108, USA

Oaks are exceptional species that cannot be seed banked through conventional methods. 
As such, ex-situ living collections are critical for safeguarding germplasm of threatened 
species. However, very few oak collections today have high conservation value and many 
accessions are of unknown or garden origin, further diminishing conservation value. 
Despite the currently poor state of threatened-oak collections, we have the networks, 
expertise, and guidelines in place to activate a coordinated, scientifically informed 
consortium of collections dedicated to preserving the genetic diversity of our native oak 
species. This workshop brought together 30 experts from a range of stakeholder networks 
(e.g., nurseries, public gardens and arboreta, private collectors, municipal foresters, 
government agencies, etc.) to help establish the goals and scope of an oak collections 
consortium, identify key players and networks, determine a governing mechanism, and 
establish standards and best practices for collection design and management. Results of 
a 2017 U.S. oak ex-situ survey by The Morton Arboretum in partnership with BGCI-US 
and the USDA Forest Service were presented. According to the survey results, of the 
28 most threatened U.S. oaks, one third was represented by less than ten wild-origin 
plants, and five species were not represented in a single collection in North America. 
Jessica Wright of the USDA Forest Service described the layout and management of 
the Quercus lobata provenance trial managed by the USDA Forest Service, Pacific 
Southwest Research Station and UCLA, which provides a valuable model upon which to 
develop conservation consortium collections. After productive breakout discussions in 
four smaller working groups, next steps were decided upon to advance the consortium. 
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Brian Kempf 

The Structural Pruning of Oaks
Urban Tree Foundation, 1512 W. Mineral King Ave., Visalia, CA 93291, USA / info@urbantree.org

The purpose of this workshop was to describe and demonstrate current structural pruning 
strategies to improve architecture on young, medium-aged, and older trees. The focus was 
on the long-term response of trees to pruning using many examples from California and 
across the world. The discussion centered on both structural improvement and reducing the 
likelihood of failure, as well as on how the trees are likely to respond to intervention. 

Whether for young or mature trees, structural pruning to guide and manage tree 
architecture should be the primary goal each time pruning is undertaken. Participants 
learned how to create a well-structured tree that is aesthetically pleasing and supports the 
crown in order to grow old gracefully. 

Participants had hands-on experience working with oak trees of different sizes installed 
by Stewart Winchester in the Conference Center Courtyard.

Photographers. Title page: Emily Griswold (trees arriving at the Conference Center). Photos 1a-d: 
Abbey Hart. Photo 2: Harry Baldwin.

Figure 1/ Native U.S. oak species of conservation concern, prioritized by collecting need. Each circle 
represents a known occurrence point for a species. Taken collectively, circles of a single color represent 
an estimate of the native distribution of that species. Species with higher priority for collecting are on 
the blue end of the color spectrum; lower priority species are on the yellow end. Known numbers of 
plants in ex-situ collections, based on a 2017 survey, are indicated next to each species name. (Data from 
Beckman, E., A. Meyer, M. Westwood, A. Denvir, D. Gill, G. Man, D. Pivorunas, and K. Shaw. in press, 
Conservation Gap Analysis of Native U.S. Oaks)
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Covering a vast array of subjects – acorn production, conservation, ecology, forest 
management, genetics, pathogens, and phylogeny – these poster sessions provide an at-
a-glance introduction to new research topics and on-going investigations.
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Pamela Allenstein,1*Amy Highland,2 Matt Lobdell,3 and Abby Meyer4 

Don’t Ask, Don’t Tell is Not the Best Policy 
1. American Public Gardens Association, 351 Longwood Rd., Kennett Sq., PA 19348, USA / *corresponding author: 
pallestein@publicgardens.org/ 2. Mt. Cuba Center, 3120 Barley Mill Rd., Hockessin, DE 19707, USA / 3. The Morton 
Arboretum, 4100 Illinois Route 53, Lisle, IL 60532-1293, USA / 4. Botanic Gardens Conservation International, Hun-
tington Botanical Gardens, 1151 Oxford R., San Marino, CA 91108, USA

As responsible stewards of plant collections held in public trust, public gardens 
commit to accountability and transparent documentation in their policies and operations. 
Best practice documents provenance, linking permits and agreements that demonstrate 
legal and ethical plant acquisitions, use, and distribution. Well-documented collections 
can contribute more to conservation, education, horticulture, and research. If a garden’s 
collections include a high percentage of “origin unknown” plants, retro-classify the 
accessions if feasible or replace them over time with those of documented origin.

Know the laws guarding against illegal trade of plants. Avoid being complicit to unethical 
practices by making assumptions without asking for verification. Request provenance 
documentation such as field notes or purchase receipts when offered donations. These 
will help verify plant identities and their origins. Link agreements or permits governing 
acquisition, use, and distribution to accession records. Provide documentation when 
sharing plants with others, and ensure they are aware of any restrictions. 

International Oaks, No. 30, 2019

Figure 1/ Documenting collection sites of Quercus oglethorpensis populations in Bienville National 
Forest (Mississippi). 
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Applying for permits to collect has the added benefit of safeguarding against over-
collecting from wild populations. Communicating intent can help coordinate actions 
among different parties, and save resources when targeted populations produce few or no 
seed. Obtaining permission is easier when working with partners and in collaboration with 
landowners. Educate them about the conservation work done by public gardens. Offer 
propagules back to the host site, share expertise and acknowledge their contributions. 
This builds trust, brings access, and sometimes attracts additional resources. 

Ensure that the garden’s living collections policy reflects its core values of integrity, and 
stipulates adherence to all laws and ethical guidelines. Align procedures to create clear 
processes with supporting documentation, and communicate these through all levels in 
the garden. By standardizing practices and cultivating a culture of open communication, 
the garden will build trust among collaborators and strengthen the value of its living 
collections.

Emily Beckman,1* Murphy Westwood,1 Abby Meyer,2 and Gary Man3  

Quercus As a Pilot Group for Developing 
Conservation Gap-Analysis Methodologies
1. The Morton Arboretum / 4100 Illinois Rt. 53 / Lisle, IL 60532, USA / *corresponding author: ebeckman@morto-
narb.org / 2. Botanic Gardens Conservation International, U.S. / Huntington Botanical Gardens, 1151 Oxford Rd., San 
Marino, CA 91108, USA / 3. USDA Forest Service, Forest Heath Protection State and Private Forestry, 201 14th St. SW, 
Washington DC, 20024, USA

Oaks (Quercus spp.) play an integral role both ecologically and economically in the 
United States. They also pose significant conservation challenges, one of which is the 
recalcitrant nature of their seeds.

In response to observations of declining wild populations, The Morton Arboretum 
and Botanic Gardens Conservation 
International, U.S., with support 
from the USDA Forest Service, 
initiated the development of a gap-
analysis methodology to identify 
necessary conservation activities for 
oaks native to the United States. The 
perfect starting point for a deeper 
analysis of this group was provided 
by the publication of The Red List of 
US Oaks* that lists 16 of 91 species 
as threatened with extinction.  
Our methodology consisted of 
compiling oak accessions data, including wild-provenance information, from more than 160 
botanic gardens and arboreta globally. Wild-collection sites for at-risk oaks were extracted 
from these accessions data and compared against the natural distribution of each species. 
These analyses revealed potential geographic and ecological gaps among ex-situ collections, 
enabling prioritization of species and, importantly, identification of populations for future 
collecting efforts. By combining ex-situ and in-situ results, this gap analysis systematically 
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Photo 1/ Quercus toumeyi 
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highlights key areas of need by region, species, and type of conservation activity.  
We also developed standardized methods for the storage, summary, and comparison of 
data regarding each at-risk species and in-situ populations including range, demography, 
threats, and current conservation actions. These data guide efficient and effective direction 
of limited resources toward the preservation of oak diversity by providing a starting 
point for the formation of long-term, species-specific conservation action plans through 
promotion of closer coordination and collaboration within the conservation community.

* Jerome, D., E. Beckman, L. Kenny, K. Wenzell, C.-S. Kua, and M. Westwood. 2017. The Red List of US Oaks. 
Lisle, IL: The Morton Arboretum.

Libny Ingrid Lara De La Cruz

Functional Trait Variation of Quercus 
castanea along a Climate Gradient
Universidad Nacional Autónoma de México, Morelia, Michoacán, Mexico / ilara@cieco.unam.mx 

Quercus castanea is a Mexican Red Oak (subgenus Quercus, section Lobatae) with 
a wide geographical and altitudinal distribution and contrasting environments. Locally 

Figure 2/ Known natural distribution of Quercus toumeyi in the United States and presence in ex-situ 
collections. 
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it is the most abundant oak species in the Cuitzeo Basin, in Central Mexico. This basin 
has an area of about 4,000 km2 and shows a highly heterogeneous climate, topography 
and vegetation. Therefore, Q. castanea represents a suitable species to study patterns of 
phenotypic variation in response to climate at a landscape level. 

We hypothesized that climate gradients across the distribution of Q. castanea within 
the basin promote functional trait variability between different populations either through 
phenotypic plasticity or local adaptation. We quantified leaf chlorophyll concentration, 
leaf mass, leaf area, specific leaf area, leaf thickness and the Huber value in 209 
individuals from 22 populations of Q. castanea throughout the Basin and we associated 
trait variation with environmental and geographic predictors. 

Despite the relatively small geographical scale, our results revealed a strong 
differentiation among populations in the studied functional traits. The strongest variation 
found was in leaf mass, leaf thickness and Huber value. Mean annual temperature, 
isothermality and soil water holding capacity are the variables that have major effects on 
the functional traits. 

While previous studies have considered functional variation in oak species at a 
whole-range level, we have shown that significant functional differences exist between 
populations of Q. castanea separated by a few kilometers in the heterogeneous landscape 
of the Cuitzeo Basin. This species clearly shows sclerophyllous leaves, but leaf thickness 
and LMA vary to a considerable degree across populations. Whether this variation is 
due to local adaptation, plasticity, or a combination of both will be clarified in ongoing 
common garden and landscape genomics studies. 

Photo 2/ Quercus castanea
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Victoria L. Sork,1 Aleksey Zimin,2,3 Daniela Puiu,2 Sorel Fitz-Gibbon,1* 
Matteo Pellegrini,1 Paul Gugger,4 and Steven Salzberg2 

High-Quality Genome Assembly and 
Annotation of Quercus lobata
1. University of California, Los Angeles CA 90095, USA / *corresponding author: sorel@ucla.edu / 2. Johns Hopkins 
University, Baltimore, MD 21205, USA / 3. University of Maryland, College Park, MD 20742, USA / 4. University of 
Maryland Center for Environmental Science, Frostburg, MD 21532, USA

Oaks represent a valuable natural resource across the Northern Hemisphere with a 
large research community studying their genetics, systematics, ecology, conservation, 
and management. Our goal is to provide a high-quality, publicly available genome and 
annotation of Quercus lobata. Having produced a high assembly using both Pacific 
Biosciences (PacBio) and Illumina sequencing data, we followed up using Dovetail 
Genomics to generate a Hi-C dataset and perform additional scaffolding with their HiRise 
scaffolder.  

The initial de novo Illumina/PacBio hybrid assembly was generated using MaSuRCA 
3.2.1 and resulted in 3,258 scaffolds of length >1 kb totaling 861 Mb and N50 scaffold 
size of 1.95 Mb (G = 730 Mbp). Scaffolding with HiRise increased NG50 scaffold size 
from 1.9 Mbp to 74.6 Mbp in 2,028 scaffolds. The 12 longest scaffolds likely correspond 
to the 12 chromosomes and contained 813 Mbp (96%) of sequence. Analysis of linkage 
maps for Q. robur and Q. rubra positioned across the 12 scaffolds supports their 
correspondence to oak chromosomes. 

BUSCO analysis found that 92% of conserved genes are present in a single copy. We present 
results of our ongoing detailed annotation effort, which includes the use of PacBio long 
reads to obtain full length transcripts in order to help define precise gene structures. Maker is 

Figure 3/ Twelve Quercus lobata assembled scaffolds (blue: 813 Mbp; 96% of the assembled genome 
sequence) were tethered to twelve Q. robur linkage groups (red)* via 3,958 uniquely mapped gene <c 
markers.
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being used to additionally leverage rna-seq data from multiple tissues, as well as similarities 
to proteins from NCBI’s non-redundant database. Functional annotation will follow using 
similarities to well curated datasets, with careful attention to gene family annotation. 

*Bodénès, C., E. Chancerel, F. Ehrenmann, A. Kremer, and C. Plomion. 2016. High-density linkage mapping and 
distribution of segregation distortion regions in the oak genome. DNA Research 23(2): 115-124.

Kenneth Knight 

Mitigating Drowned Oaks
69 Calaveras Avenue, Goleta, CA 93117, USA / kennethknight@cox.net

This poster described a dam expansion effort that drowned or put at risk 2,282 Quercus 
agrifolia (coast live oak) and Q. lobata (valley oak) trees. This initiated a 20-year program 
to mitigate tree loss through planting and maintaining 4,568 replacement oaks.

In 2004, the Cachuma Operation and Maintenance Board (COMB) completed a project 
at Bradbury Dam resulting in raising the elevation of Lake Cachuma in Santa Barbara 
County (CA) by three feet during surcharge events. Rising waters initially killed 879 
oaks and another 1,405 oaks were classified as at risk. To mitigate this loss, a plan for 
planting 4,568 oaks by 2025 began in 2005. 

The initial contractor planted and maintained 2,256 oaks. In 2011 evaluation of this 
first phase revealed planting flaws that compromised tree growth and survival.  In 2011 
CAOMB staff, headed by Tim Robinson, took over the process. They retained the author 
to revise procedures to conform to arboriculture best management practices. COMB staff 
have planted and maintained 2,158 trees since then.

Photo 3/ Quercus agrifolia
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Little can be done to correct deficiencies in previously planted trees. The region has 
also experienced an extraordinary drought for six of the last seven years. However, by 
using spatial data and tabular field observations integrated with an ArcGIS database, staff 
have the analytical tools to achieve a survival rate of 82% over ten years. 

Restoration objectives will be met through the application of well-established 
professional planting techniques to maximize the health and vitality of the oaks, including 
planting in favorable sites, using native tree stock, utilizing large planting holes allowing 
root spread, use of professional grade gopher baskets, tree cages, and Gro-Tubes, and 
structural pruning. Successful ongoing maintenance includes year-round irrigation, 
mulching and weeding.

Andy Lentz1* and Victoria L. Sork2

Effects of Variation in Bud Burst and 
Flowering Phenology on Quercus lobata 
Acorn Production
1. Sedgwick Reserve, University of California, Los Angeles, 3566 Brinkerhoff Ave., Santa Ynez, CA 93460, USA / 
*corresponding author: alentz@me.com / 2. Department of Ecology and Evolutionary Biology University of California, 
Los Angeles, CA 90095, USA

Climate is a major determinant in the timing and synchrony of bud burst, leaf emergence 
and flowering in most plant species. Timing can shape the length of the growing season 
and synchrony can influence pollination success and acorn production. In this study of 
100 Quercus lobata adults in an oak savanna at the University of California Sedgwick 
Reserve (Los Olivos), we monitored dates of leaf budburst and elongation as well as 

emergence of male catkins and 
female flowers from 2007-2018 to 
examine factors affecting observed 
variation among trees in acorn 
production. 

We found that trees located closer to 
the seasonally dry streambed running 
through our ~8-ha site produced 
more acorns, suggesting that access 
to the water table may enhance acorn 
production. Within the study area, 
we found that trees with warmer 
microclimates flowered earlier, and 
trees that produced flowers at the 
same time as the majority of other 
trees in the populations produced 
more acorns. We also found that the 
timing of flowering became earlier in 
the season over the course of this 12-
year study. 

Figure 4/ Relationship between flowering synchrony and 
acorn yield (2007-2018) in Quercus lobata.
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This study shows that temperature is shaping the timing of flowering, which may affect 
acorn production with climate warming only if it disrupts synchrony in flowering among 
individuals. However, given the importance of access to water for acorn production as 
suggested by our data, climate change may reduce future acorn production if droughts 
become more common. Such reductions in acorns availability would affect the high 
diversity of wildlife dependent on oaks as a food source.

Jonathan W. Long,1* Angela M. White,2 and Gina Tarbill2

The Fate of Quercus kelloggii in Large Wildfires
1. USDA Forest Service, Pacific Northwest Research Station, 1731 Research Park Dr., Davis, CA 95616, USA / *cor-
responding author: jwlong@fs.fed / 2. USDA Forest Service, Pacific Southwest Research Station, 800 Buchanan St., 
Albany, CA 94710, USA

Mature Quercus kelloggii trees are vulnerable to high-severity fires but depend on 
low-severity fires to limit conifer encroachment. This “Goldilocks” relationship makes it 
hard to predict the future supply of ecosystem services provided by mature Q. kelloggii, 
such as acorn-crop availability to Native Americans and habitat for rare animals such as 
Strix occidentalis (spotted owl) and Pekania pennanti (Pacific fisher). 

Large fires with extensive patches of high severity have become more common in 
the Sierra Nevada, and more such disturbances are expected. We studied responses of 
Q. kelloggii to two such events, the Rim Fire of 2013 and the King Fire of 2014. We 
hypothesized that large and very large Q. kelloggii trees would decline sharply in severe 

Photo 4/ Quercus lobata
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patches but not in low-severity patches, with intermediate survival in moderately burned 
areas. We found that only 1% and 10% of oak trees had surviving crowns within high-
severity patches in the Rim and King Fires, respectively. Meanwhile, 6% and 20% of Q. 
kelloggii appeared to be fully killed, and the remaining 93% and 70% were top-killed 
with basal resprouts. In contrast, oaks had 53% top-survival in low-severity patches in 
the Rim Fire, with the remaining 47% resprouting from the base. The rates of top-kill 
in the Rim Fire were higher than reported from previous fires. Results suggest that this 
is because Q. kelloggii was associated with steeper slopes and in areas with fewer small 
conifer trees. 

Although climate change and severe fire are expected to favor Q. kelloggii regeneration 
over conifers, ecological services may decline as mature oak trees are replaced by young 
resprouts. Vulnerability to decline may not be easily reversed, but active management 
strategies are important for promoting resilience to fire and maintaining ecological 
services both before and after large fires.

a
Photos 5a-b/  Within the zone of the Rim Fire of 2013, young conifer trees had encroached on these 
Quercus kelloggii; two years later, the top-killed oaks on the left (a) had resprouted only from the base, 
while the oak on the right (b) was able to resprout from the crown.

b
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Scott O’Donnell* and Victoria L. Sork

Ancient Introgression Among Two Distantly 
Related White Oak Species
Department of Ecology of Evolutionary Biology, University of California, Los Angeles, CA 90095, USA / 
*corresponding author: sodonnell1@ucla.edu

Oaks are well known for their propensity to hybridize with other oak species when 
in sympatry, but the question is whether hybridization results in long-term interspecific 
gene exchange or is limited to infrequent, discrete events. 

Studies of ancient introgression are particularly informative because they provide 
evidence of the extent to which interspecific gene flow is incorporated into the genome 
across subsequent generations. Here, we report ancient admixture between Quercus 
berberidifolia (California scrub oak) and the distantly related Q. engelmannii (Engelmann 
oak).  These species show a complex pattern of hybridization and introgression along 
fine-scale habitat and climatic gradients in Southern California. Our goal is to study 
ancient introgression using genome-wide DNA sequence data and estimate the timing 
and duration of periods of secondary contact throughout their evolutionary history to 
better understand the dynamics of introgression. 

Photo 6/ Quercus engelmannii
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One way to gain such insight is through a demographic modeling approach that tests 
the likelihood of alternative historical scenarios that could best explain the patterns of 
gene exchange between species. We sampled 24 trees from each species from spatially 
separated locations throughout Southern California. Using genotyping-by-sequencing, 
we then generated ~30,000 SNPs to compare the site frequency spectra (SFS) of these 
species using the coalescent-based approach implemented in DADI.  By utilizing these 
tools, we have identified evidence for periods of ancient, asymmetric admixture between 
these species. 

This study provides evidence for two species with recurrent interspecific gene 
exchange over the course of their evolutionary histories and not simply as a contemporary 
phenomenon.

Rachael Sitz

An Overview of Drippy Blight Disease
United States Forest Service, Rocky Mountain Research Station, 240 W. Prospect Rd., Fort Colins, CO 80526, USA / 
rsitz@fs.fed.us

Drippy blight disease of Red Oaks is an insect-associated disease involving Allokermes 
galliformis (Quercus palustris kermes scale) and the pathogenic bacterium Lonsdalea 
quercina. The main symptoms of drippy blight are flagging and branch dieback throughout 
the canopy. Consequently, fallen branch tips litter the ground throughout the spring and 
summer. Drippy blight initially affects small branches, but over time large limbs as well 
as the trunk become affected resulting in entire tree decline.  

Figure 5/ Disease cycle of drippy blight. (A) Primary inoculum from hold-over cankers and dried 
exudates becomes active and kermes scales begin migrating to new growth in the spring. (B) Plant and 
bacterial exudates ooze from kermes scale feeding wounds, and (C) mobile insects, and likely rain, wind, 
or humans spread the bacterium in the summer months. (D) In the late summer and fall, overwintering 
cankers form.
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Currently, drippy blight disease is localized in Colorado on several kinds of non-native 
Red Oaks (e.g., Q. rubra, Q. palustris). However, drippy nut, a less problematic disease 
also caused by L. quercina, affects the acorns of Q. agrifolia. Other diseases and declines 
involving the genus Lonsdalea are known to occur in five countries on three continents. 

The drippy blight disease cycle is tied to the lifecycle of the insect and bacterial causal 
agents. Upon the onset of new branch growth in the spring, female kermes scales begin 
migrating from overwintering locations to the new branch growth (Fig. 5A). The majority 
of female kermes scales settle at the growth ring junction between new and 2-year-old 
tissue where they feed on plant sap and eventually become immotile plant gall mimics. 
Plant and bacterial exudates massively ooze and drip from scale feeding sites and other tree 
wounds in the summer (Fig. 5B). Many insects are attracted to the bacterial ooze including 
many kinds of beetles, true bugs, moths, ants, bees, and social wasps. These insects likely 
play an important role in bacterial dissemination (Fig. 5C). Later in the summer, kermes 
scales develop eggs and then expire, while bacterial exudates become thicker, dripping 
ceases, and maroon overwintering cankers appear on twigs in the fall (Fig. 5D).

Luke Brown,1* Jessica W. Wright,3 Paul Gugger,2 and Victoria L. Sork1

Future Climate Change Will Reduce 
Growth of Quercus lobata
1. Department of Ecology and Evolutionary Biology, University of California, Los Angeles, CA 90095, USA / 
*corresponding author: lukembrown@gmail.com / 2. University of Maryland Center for Environmental Science, 
Frostburg, MD 21532, USA / 3. U.S.D.A. Pacific Southwest Research Station, 800 Buchanan St., Albany, CA 94710-
0011, USA.

In response to climate change, plants must rapidly adapt to new conditions, move, or 
face the threat of extirpation. In this study, we focus on the California endemic Quercus 
lobata (valley oak) to determine the degree to which future climate change will impact 
the growth of Q. lobata populations. We integrate data from common garden experiments 
with > 6,000 trees from 95 populations with genomic data across 10,000 single nucleotide 
polymorphisms (SNPs) to predict how these populations will respond under future climate 
change scenarios. We estimate climate transfer functions (i.e., predicted plant response to 
a change in climate) and how climate transfer functions interact with genetic variation. 

Our results indicate that a predicted increase in maximum temperature of the hottest 
months will lead to a reduction in growth of Q. lobata across its range. Importantly the 
predicted magnitude of these declines in growth varies based on genotype, indicating 
important within-species genetic variation in response to climate that can be used to 
guide conservation actions. We identify SNPs that may confer resilience in future climate 
scenarios.

In conclusion, we show that climate change is likely to have a negative effect on Q. 
lobata growth and survival if no management or conservation actions are implemented. 
The predicted reductions in growth may be mitigated in management, reforestation, or 
restoration projects by selecting provenances or genotypes likely to be resilient to climate 
change.
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Yao Li,1,2* Xingwang Zhang,3 Victoria L. Sork,2,4 and Yanming Fang1

Palaeoenvironmental Changes Since the 
Miocene Drive Speciation, Introgression, and 
Lineage Diversification of Two Closely Related 
Oak Species in China
1. Co-Innovation Center for Sustainable Forestry in Southern China, College of Biology and the Environment, Nanjing 
Forestry University, Nanjing, Jiangsu 210037, China / *corresponding author: liyaolisantu@gmail.com / 2. Department 
of Ecology and Evolutionary Biology, University of California, Los Angeles, CA 90095-7239, USA / 3. College of Life 
Sciences, Huaibei Normal University, Huaibei, Anhu 235000, China / 4. Institute of the Environment and Sustainability, 
University of California, Los Angeles, CA 90095-1496, USA

The interaction between tectonic-climatic processes and evolutionary dynamics of 
closely related species underlie the impact of palaeoenvironmental changes on driving 
the diversification and persistence of local biodiversity. 

Here, we explore how Neogene and Quaternary geological history, especially the 
extensive uplift of the Qinghai-Tibetan Plateau (QTP), associated with the intensification 
of Asian monsoons, influenced the speciation, introgression, lineage diversification and 
range dynamics of Quercus acutissima and Q. chenii, two closely related oak species 
native to East Asia. 

To obtain evidence of introgression, we used four methods to analyze the variation 

Figure 7/ (a) Sampling sites of Quercus acutissima (1–30) and Q. chenii (31–48) in China, and 
geographic distribution of two ancestral groups corresponding to Q. acutissima (blue) and Q. chenii 
(orange) as inferred by Bayesian cluster analysis based on variation at seven nuclear microsatellite 
loci. Red dash lines indicate the putative introgression zone. Numbers identifying the populations with 
more than 5% of introgression are in white. Pie chart sizes are proportional to the sample size. (b) 
Linear correlation between the proportion of introgression in each Q. acutissima population (qC) and 
the logarithm distance to the nearest population of Q. chenii.
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at seven nuclear microsatellite (nSSR) loci. To estimate the times of major evolutionary 
events, we performed approximate Bayesian computation (ABC) of nuclear data and 
phylogenetic analysis of chloroplast (cp) DNA sequences. To infer the ecologically stable 
areas and dispersal corridors, we employed ecological niche modelling (ENM). 

We found that more than 80% of hybrids inferred from nSSR markers and more than 
90% of individuals with regionally shared haplotypes were concentrated in a putative 
introgression zone with higher ecological stability and landscape connectivity. The 
hypothesis of early Miocene speciation and Pleistocene introgression between the two 
species was strongly supported by the ABC analysis. Phylogenetic inference indicated 
that three major clades diverged during the Miocene. A sharp increase of diversification 
rate was detected during the late Pliocene to the early Pleistocene. 

Our findings suggest that speciation between Q. acutissima and Q. chenii was probably 
triggered by the rapid uplift of the QTP, together with the onset of Asian monsoons 
during the early Miocene. Neogene tectonic-climatic interactions had an extensive 
and continuous influence on the evolutionary dynamics of the two species. Quaternary 
climatic fluctuations may have contributed to the historical introgression between the 
two species.

Nathan Brown,1* Elena Vanguelova,2 Samantha Broadmeadow,2 and Sandra 
Denman2

Predisposition To Decline: 
Predicting AOD Occurrence with 
Environmental Factors
1. Rothamsted Research, Harpenden, A15 2JQ, UK / *corresponding author: nathan.brown@rothamsted.ac.uk / 2. Forest 
Research, Alice Holt Lodge, Farnham, Surrey, GU10 4LH, UK

In the United Kingdom, acute oak decline (AOD) has caused much concern, due to 
its distinctive symptoms and its potential to impact oak species that form the largest 
component of native broadleaf woodland. Affected trees have lesions in the phloem 
caused by necrogenic bacteria. Lesions are associated with both external stem “bleeding” 
and the galleries of Agrilus biguttatus (two-spotted oak buprestid). 

Decline complexes involve multiple biotic and abiotic factors, which combine to reduce 
host vigor. In order to investigate forest decline, it is necessary to take a systems approach 
by considering biotic agents and their interactions with environmental factors that may 
initially predispose host trees. Here, we test the extent to which AOD is influenced by 
environmental predisposition factors traditionally associated with oak decline. These are 
often factors that reduce water availability. 

During 2013 and 2014 extensive surveys were undertaken with systematic visits to 
oak woodlands across England and Wales. More than 500 locations have been used to 
assess relationships with soil type, climatic factors and pollutant deposition, notably 
atmospheric nitrogen, using logistic regression GAMM models. This spatial study 
reemphasizes the importance of predisposition factors in decline syndromes and has 
guided ongoing investigations at site and tree levels.
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Jia Yang,1* Lucía Vázquez,2 Li Feng,1 Zhanlin Liu,1 and Guifang Zhao1 
Climatic and Soil Factors Shape Demography 
and Genetic Variation of Quercus liaotungensis
1. College of Life Sciences, Northwest University, Xi’an, Shaanxi Province, China / *corresponding author: 
yjhgxd@stumail.nwu.edu.cn / 2. Biology Department, University of Illinois at Springfield, Springfield, IL 62703, USA

Past and current climatic changes have affected the demography, patterns of genetic 
diversity, and the genetic structure of extant species. The study of these processes provides 
valuable information in forecasting evolutionary changes and to identify conservation 
priorities. 

Quercus liaotungensis is a dominant, deciduous tree species in Northern China, 
occurring mainly in mountainous areas, such as the north of the Qinling Mountains, the 

Figure 8a/ Maps show individual temperature, rainfall and deposition trends. Survey locations used in 
the modelling are shown with filled black circles representing AOD positive sites and X marks showing 
negative survey points.

Figure 8b/ Locations of sites used in the three parallel analyses. Full data includes all survey points 
and all landowner reports. Survey only includes locations from 2 years of survey (2013 and 2014). 
2014 only includes sites from the second, more focused survey. Red dots show AOD-affected sites and 
white dots show symptom-free locations.
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Taihang Mountains, and the Changbai Mountains at elevations of 1,000-2,200 m. 
We sequenced two functional nuclear genes (a CC-NBS-LRR gene involved in 

resistance to Phytophthora cinnamomi and a predicted stress-associated gene) and 
four chloroplast DNA regions of 105 samples from 21 populations of Q. liaotungensis 
across its distribution range. Coalescent-based Bayesian analysis, approximate Bayesian 
computation and ecological niche modeling were integrated to investigate the genetic 
patterns and demographical history of this species. Association estimates including 
Mantel tests and multiple linear regressions were used to infer the effects of geographical 
and ecological factors on temporal genetic variation and diversity of this oak. 

Based on multiple loci, Q. liaotungensis populations clustered into two phylogenetic 
groups; this grouping pattern could be the result of adaptation to habitats and seasonality 
conditions with different temperature and precipitation. 

Demographical reconstructions and ecological niche modeling suggest an expansion-
decline trend of this species during the Quaternary climatic oscillations. Association 
analyses based on the functional nuclear data indicated that intraspecific genetic 
differentiation of Q. liaotungensis was clearly correlated with ecological distance; 
specifically, the genetic diversity of this species was significantly correlated with 
temperature seasonality and soil pH, but negatively correlated with precipitation.

Our study highlights the impacts of Pleistocene climate oscillations on the demographic 
history of a keystone tree species in Northern China, and suggests that climatic and soil 
conditions are the major factors shaping the genetic diversity and population structure of 
Q. liaotungensis.

Figure 9/ Distribution of Quercus liaotungensis in Northern China.
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Alayna Mead,1* Juan Peñaloza Ramirez,1 Megan Bartlett,1 Jessica W. 
Wright,2 Lawren Sack,1 and Victoria L. Sork1

Physiological and Gene Expression Response of 
Quercus lobata Seedlings to Water Stress
1. Department of Ecology and Evolutionary Biology, University of California, Los Angeles, CA 90095, USA / * corres-
ponding author: alaynamead@ucla.edu / 2. U.S.D.A. Pacific Southwest Research Station, 800 Buchanan St., Albany, CA 
94710-0011, USA.

Drought can be a strong 
environmental stressor on plants. 
Many responses to drought are 
conserved and species-wide, while 
others differ among populations 
because of dissimilar local 
environments. This study tests 
whether seedlings of Quercus 
lobata (valley oak), a widely-
distributed California endemic, 
sampled from regions of different 
climate conditions differ in their 
response to water stress. Acorns 
were collected from six populations 
with contrasting climates, grown in 
a greenhouse, and four seedlings 
from each were exposed to soil-
drying or well-watered treatments. 

After ten days, we compared specific ecophysiological traits and levels of gene expression 
(RNA-seq) among populations. 

Seedlings under water stress had a lower leaf water potential and turgor loss 
point, but populations were not significantly different from each other, indicating a 
generalized species-wide response for these traits. In contrast, the set of genes identified 
as differentially expressed in response to water stress differed significantly among 
populations. Additionally, groups of genes with similar expression patterns that may be 
regulated together were identified using weighted gene co-expression networks. Several 
of these gene “modules” responded differently to water stress among populations, 
identifying potential differences in gene network regulation and providing insight into 
how unmeasured physiological responses of populations may differ. 

This study provides evidence that Q. lobata populations are genetically different in 
their response to water stress. If these differential responses affect growth and survival, 
the projected increase in drought in California will likely affect each local population 
differently. Such information will help inform the development of management strategies 
for oak populations.

Photographers. Title page: Patrick Thompson (Quercus oglethorpensis). Photo 1: Tim Thibault. Photo 
2: Libny Ingrid Lara De La Cruz. Photo 3: Kenneth Knight. Photo 4: Andy Lentz. Photo 5: Jonathan W. 
Long. Photo 6: Scott O’Donnell. Photo 7: Harry Baldwin.

Photo 7/ Quercus lobata
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Pre-Conference Tour
October 15-18, 2018 

Sierra Nevada
Dirk Giseburt

2750 72nd Ave. SE 
Mercer Island, WA 98040, USA

Dirk.Giseburt@dwt.com



Introduction

“Awesome!  Amazing!  Spectacular!  Incredible!”  From Davis across the Sierra Nevada 
and back, the 41 participants in the first Post-Conference Tour of the 9th International IOS 
Conference encountered a wild diversity of trees and landscapes. We struggled with the 
poor tools of the English language – and at least five other languages besides – to express 
the impact. Many of us were realizing long-held dreams of seeing and touching “in the 
flesh” wonders we had beheld before only in pictures. On this score, the Tour was a 
satisfying experience. 

On a different plane, California is impressively unstable – with fires, humans, pests, 
climate, and geology all in motion. For the 41 on this trek, hailing from 9 countries, we 
were glad we had seen it now.

Just a few weeks after our Tour came the dreadfully destructive Camp Fire north of 
Sacramento, and the Woolsey Fire in the Malibu district, with dozens of deaths and 
another 80,000 hectares burnt. It is unsettling for me to report on the joys and excitement 
experienced by our group, leavened as they are by the losses and sorrow of those in the 
fire country, so close to the places we traveled. 

Among our number were our extraordinary local guides and handlers, Abbey Hart of 
the UC Davis Arboretum, Tour organizer, and Stewart Winchester of Merritt College, 
scientific guide. Their enthusiasm and grace made the experience rich, engaging, and 
easy. 

“The largest flat place in the world.”

We boarded the coach in Davis and began a drive across California’s Central Valley 
– what Stew Winchester called “the largest flat place in the world.” As we drove out, we 
heard tales of water and of the safety risks on our journey.

The Sacramento and American Rivers conjoin in the neighborhood of Davis and 
Sacramento, and the area saw massive flooding in 1955 and 1964. The water table is 
high (in season) – hence the fantastically productive modern agricultural industry of 
California as well as the massive Quercus lobata that dominated the Central Valley 

before white settlement. Early white 
settlers called Q. lobata the water 
oak, because it could survive in 
standing water. So much water! 
The valley collects runoff from 
the spring melt of snow in the 
Sierra Nevada, southern Cascade 
Mountains, and the Coast Ranges. 
The delta of the Central Valley 
provides drinking water to 23 
million people in addition to the 
much larger volume of water piped 
south for the agricultural industry. 
Virtually all the rivers are dammed; 
virtually all the original Q. lobata 
riparian woodland is gone.
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Photo 1/ Quercus lobata riparian wood, Middle Slough at 
the Cosumnes River Preserve.
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Fortunately our guides led us to 
a rare example of a well-preserved 
Q. lobata woodland and grassland 
at the Cosumnes River Preserve, 
not far south of Sacramento. Before 
our arrival, Abbey gave us tips for 
safe encounters with cougars and 
bears and how to listen for the 
rattlesnake’s rattle, plus warnings to 
keep eyes open for Toxicodendron 
diversilobum and to check for ticks 
if (if!) we ventured into the grass. 

The Cosumnes River is the last 
“unregulated” river flowing from 
the Sierra Nevada. The Preserve 
was established in 1987 by The 
Nature Conservancy and has grown 
to cover more than 18,000 hectares. 

The Q. lobata here provided a 
shady walk along the Preserve’s 
watercourses and lanes, along with 
plentiful Fraxinus latifolia and other 
trees, for example, Salix, Populus, 
Acer negundo, and an occasional Q. 
agrifolia var. agrifolia. Ultimately, 
we reached the largest Q. lobata, 
standing at a transitional point 
between grassland and a natural 
Scirpus californicus/S. acutus (tule) 
marsh. Peter Laharrague measured the oak at 20 m tall, 30 m spread, and 3.9 m girth. 
The trees survive extreme dry-air duress for much of the year with evapotranspiration 
averaging about 2,000 mm annually while precipitation averages 450 mm. It was then 
irresistible to walk into the grassland and explore the other large Q. lobata that dotted 
the scene. 

Back on the coach, we continued south on the flat and then turned east to approach 
the foothills of the Sierras. The agricultural intensity was impressive, with fields of 
Mediterranean trees – olives, walnuts, pistachio, almonds – as well as cherries, vines, 
alfalfa. Once we began climbing into rolling country, Ficus orchards lined the road, and 
then there was grassland, where there was insufficient groundwater for irrigation. “There 
are almost no native plants in these grasslands,” said Stew Winchester.

Then we began to see small Q. douglasii – the California oak with the greatest ability 
to extract water from deep in soil and rock. The life form of Q. douglasii reflects the 
stresses at the inner rim of the Central Valley. A tree of only 35-45 cm DBH can be 500 
years old. It takes a Q. douglasii around 25 years to reach a meter and a half tall.

Photo 2/ The largest Quercus lobata at Cosumnes River 
Preserve.



“We don’t really know how to regenerate blue oaks.”1

By late morning, we reached the San Joaquin Experimental Range, established in 1934 
for interdisciplinary exploration of alternative livestock range-management approaches 
in California’s annual grass-oak-pine ecosystems. The elevation is mostly in the range of 
300 to 450 m and average annual precipitation is 486 mm (fall to spring only). There is 
virtually no natural regeneration of Q. douglasii at this location. 

The Range’s staff, Kathryn Purcell (Research Wildlife Biologist) and Renée Denton 
(Site Manager, Natural Resource Specialist), showed us the “Elephant Pen” where fencing 
was erected to exclude browsers in 1995, and hundreds of acorns and local seedlings 
were planted and cared for under varying regimes. Despite efforts to reduce competition 
and predators, mortality was still “really high.” They found that weed suppression was 
critical. 

Leaving the Elephant Pen, we admired craggy Q. douglasii in the open grassland, as 
well as occasional Q. wislizeni. The staff were happy to have us collect acorns – it was 
congruent with their “experimental” mission. After lunch, we explored nearby rockier 
terrain, where sparse and shrubby Q. wislizeni were more numerous, and shrubs like 
Ceanothus and Arctostaphylos entered the scene. For your reporter, it was remarkable to 
see densely tomentose adaxial leaf surfaces on some Q. wislizeni here.

Back on the coach, we climbed steadily through exciting and constantly changing 
plant communities. At around 700 meters, the Q. wislizeni were growing more robust, 
we began to see shrubby Q. kelloggii, and we entered the zone of Q. chrysolepis. As we 
climbed, extensive damage from bark beetles was evident among the Pinus ponderosa.

We entered the Sierra National Forest and stopped to explore the Lewis Creek Trail. The 
short, steep hike was dominated by a mosaic of conifers and oaks, including Calocedrus 
decurrens, P. ponderosa, P. jeffreyi, P. lambertiana, Abies concolor, Q. kelloggii, and Q. 
chrysolepis. As we descended to the river, we were greeted with the small but powerful 
Lower Corlieu Falls opening up the vegetation to a beautiful view over the slopes of the 
Sierras. Among the rocks at streamside were the big leaves of Darmera peltata.

Others dawdled a bit to collect acorns of Q. chrysolepis (still mostly on trees) and Q. 
kelloggii. The latter species does not retain lower branches in shade, so several of our number 
rooted around the leaf litter for the recently fallen seeds. The understory was also notable 
for a rosaceous groundcover, Chamaebatia foliolosa, and the pretty Ceanothus diversifolius.

We spent the night at the lovely Tenaya Lodge just outside the southern entrance of 
Yosemite National Park.

“California has been burned over thousands of times.”2

In the cool mountain morning of Day 2, the group hiked the short trail among the 
awesome Sequoiadendron giganteum at Yosemite’s Mariposa Grove. The outrageously 
massive fallen stems, the fantastic, superlative Grizzly Giant, the amazing softness of 
the Sequoiadendron bark, the unsettling evidence of fire around the edge of the Grove, 
scarring even some of the biggest trees – all made for a strong impression. There were 
also pretty Cornus nuttallii with fall colors and fruit, P. lambertiana, small Acer glabrum 
var. glabrum, and Ceanothus parvifolius.

1. Kathryn Purcell
2. Stew Winchester
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On the drive to the Yosemite Valley, continuing at a high elevation (around 1,200 
m), Q. kelloggii were on the scene again, with Calocedrus decurrens, P. ponderosa, the 
occasional Sequoiadendron giganteum, and plentiful Arctostaphylos viscida. We passed 
long stretches of landscape damaged from the fire that occurred in August 2018. With 

Photos 3/ (a-b) Quercus douglasii; (c-d) Q. wislizeni (San Joaquin Experimental Range).
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warming trends, beetle infestation, and long-term drought, the fire damage is worse than 
previously, and more trees are being lost permanently. Here, though, we saw some Q. 
kelloggii basal sprouting already, so it appears this fire did not heat the soil sufficiently 
to prevent forest recovery.

Descending then, the coach left high-precipitation country and returned to the 
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Photo 4/ Sequoiadendron giganteum at Mariposa Grove, Yosemite National Park.

Photo 5/ Yosemite Tunnel View above Yosemite Valley, with El Capitan and Half Dome and banks of 
Quercus chrysolepis on the left.
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“extraction zone,” where water 
loss is greater than precipitation. 
On the descent, we began to 
see Pseudotsuga menziesii, 
Umbellularia californica, and Acer 
macrophyllum. We emerged from 
a tunnel at the Yosemite Tunnel 
View vista point and gathered for 
the traditional group photo with 
El Capitan, Half Dome, and other 
striking formations of the Yosemite 
Valley. Stew told us that the south-
facing slope of the valley’s northern 
rim, where the rock was not bare, 
was covered by Q. chrysolepis, which loves the granite rock-fall. 

We reached the Valley floor around noon and enjoyed our boxed lunch of (as usual) 
really big sandwiches before heading out for free-time strolls. Some walked to the base 
of Lower Yosemite Fall: a spectacular 98-meter drop in other seasons, in October it was 
reduced to a drip.  

Stew Winchester led a part of the group to see the Q. kelloggii groves in the Valley 
meadows. Along the way, he pointed out the deciduous flora of the Valley floor, where 
the water table is too high for evergreen oaks to compete. In addition to Q. kelloggii, 
there are Populus trichocarpa, Acer spp., Cornus sericea, Alnus rhombifolia, Sambucus 
cerulea, and deer-browse like Ceanothus integerrimus and Calycanthus occidentalis. 
Once among the beautiful groves of Q. kelloggii, we found the Park Service is assisting 
recruitment of the Q. kelloggii in deer-protective wire-mesh cages, while Pinus spp. and 
Calocedrus decurrens are populating gaps between the oaks without assistance.

“Right now, it’s every conifer for themselves!”

Back on the coach, we climbed west out of Yosemite Valley on Big Oak Flat Road, 
catching glimpses of Torreya californica, and then turned east again on Tioga Road 
(Highway 120) to cross the entire breadth of Yosemite National Park and ultimately drop 
down behind the Sierras into Owens Valley to stay at Bishop for the night.

There is no space to note all the ecological transitions along the way. At around 
1,400 meters, we passed through an old fire zone (10-15 years before) and saw shrubby 
rejuvenation of Q. chrysolepis and Q. kelloggii. We saw active prescribed burns 
right along the road. We left the mixed hardwood forest behind, and then the mixed 
conifer forest, to reach subalpine forest and the near-absence of hardwood trees. Tsuga 
mertensiana and Pinus monticola, Q. vacciniifolia and Arctostaphylos nevadensis, and 
Populus tremuloides showed up in numbers above 2,400 meters or so.

Rounding a bend, we saw the massive, bare, rounded granite formation above Olmsted 
Point dotted with Juniperus grandis and pines (Pinus jeffreyi, P. contorta var. latifolia, 
and P. monticola). Stew said, “Right now, it’s every conifer for themselves.”  Before 
stopping, we received an apt warning that the bare-rock approach up the hill to the junipers 
was steep, slick, and not for those with uncertain footing – essentially the message was, 
“Right now, it’s every climber for themselves!” Most of us braved the potential fall. 

Photo 6/ Quercus kelloggii grove in Yosemite Valley.



At cracks in the stone grew magnificent 
junipers with rich red bark and slope-
hugging Q. vacciniifolia with empty 
cupules as small as three millimeters across. 
Between the cracks, the junipers seemed to 
fling their roots out across the open stone 
to reach other fissures many meters away. 
On barren stone, the plants rely on fungi 
dissolving the rock for nutrient release.

The view southwest to Yosemite Valley 
and the east side of Half Dome was 
impressive, under a half moon rising at 
about four o’clock. 

 “Mind blown again!”

At our stops and on the drive, Stew 
Winchester provided an almost continuous 
oral guidebook on ecological relationships, 
the biochemistry of given species, the 
substrate conditions, the age of rock 
formations, and the water regime in 
every locality, on top of the basic matrix 
of a botanical tour: species names. Tour 
participants repeatedly marveled at the 
extent of Stew’s knowledge and the verve of 
his communications. “Mind blown again!” 
said Tom Fry, as we boarded the coach again 
at Olmsted Point.

The remainder of the drive across 
Yosemite was a time to rest that mind. Then, 
at Tioga Pass (3,031 m), we exited the Park, 
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Photo 8/ Windswept Juniperus grandis at Olmsted 
Point (Yosemite National Park).

Photo 7/ Quercus vacciniifolia at Olmsted Point 
(2,500 m; Yosemite National Park).
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entered Inyo National Forest, and 
tumbled fast down 1,000 meters 
to the dry Owens Valley floor near 
Mono Lake. From a family trip 50 
years ago already, in 1968, I still 
had a memory of this road as scary. 
The canyon sides are still steep. 
The ecological transitions are more 
like revolutions. P. albicaulis is 
arborescent at the Pass, then grows 
as krummholz3 (6 m wide and 2 
m tall) as we descend. Populus 
tremuloides appears again in the 
Valley bottom, and then Salix spp. 
(e.g., Salix orestera) and other 
Populus spp., but no Quercus. The 
slopes lose their trees, and we drive 
among Cercocarpus ledifolius and 
Chrysothamnus viscidiflorus. At the 
lower slopes we reach a woodland 
of Pinus monophylla, then a rich 
stand of P. jeffreyi. Then we lose 
the pines and are among open fields 
of Artemisia tridentata, with golden 
Populus fremontii along the Owens 
Valley watercourse, and arrive in Bishop for a good night’s repose. 

“It’s hydroponics!”

Day 3 began with a drive to Independence, California, for our only look at cultivated 
trees on this tour. The backside of the Sierras is steep, thrust up by the subduction of the 
Pacific plate under the continental plate, with very little in the way of foothills but plenty 
of evidence of recent rock-fall on the mountainsides 

In Independence, elevation 1,200 meters, we saw a beautifully lush Q. agrifolia var. 
agrifolia growing in a small household garden. The soil of granite sand, washed down 
the mountain slopes, keeps the large tree young and juvenile, though it is about 100 years 
old. With the irrigated lawn, said Stew, “It’s hydroponics!” Also in the town we visited a 
large, cultivated Q. lobata. The exotic oaks here, as well as Pinus coulteri, reflect assisted 
migration north from the Los Angeles area.

We drove up the Independence Creek road to Grays Meadow Campground of the 
Inyo National Forest, at about 1,850 meters, where a charming Q. kelloggii woodland 
grew close to the creek. The trees are much smaller here than at Yosemite. Also in this 
community were P. jeffreyi, Betula occidentalis, Populus fremontii, Frangula rubra, Salix 
lasiandra, and Forestiera pubescens of the Oleaceae. A lone Q. ×morehus – probably an 
import from Southern California – drew much attention. Outside the riparian strip of 
land, Chrysothamnus viscidiflorus was blooming yellow in profusion.

3. Stunted, deformed vegetation encountered in subarctic and subalpine tree-line landscapes.

Photos 9/(a) At the edge of the narrow Quercus kelloggii 
riparian wood at Grays Meadow Campground, on the dry 
eastern slope of the Sierra Nevada; (b) Q. kelloggii at Lewis 
Creek Trail in Inyo National Forest.

a
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Climbing further, passing Q. kelloggii that grew ever more shrubby until they 
disappeared, we reached Onion Valley Campground at about 2,800 meters. No oaks here, 
but the Fagaceae representative, Chrysolepis sempervirens, was a standout for color with 
its vibrant yellow abaxial leaf surfaces. A plant 1 m high could be 200 years old. The 
seeds of the plant, very popular with other mammals, are enclosed in forbidding, spiny 
capsules. Those of us who put some effort into extraction often found the capsules empty. 

A bigger draw here were the conifers, with Abies magnifica and A. concolor both 
present in an unusual association, though the latter is a minor community element. Stew 
showed what gives A. magnifica its common name (red fir): the red inner surface of 
bark and the purple of its seeds and their wings. The recruitment of young A. magnifica 
appeared to be very good.

And the pines! We enjoyed both the look and feel of the Pinus balfouriana, called 
“foxtails” on account of their continuous green growth along branch stems (not just at 
the end), and P. flexilis, with its limber branches. Also here were P. contorta, extending 
from further down the slope.

Above the campground, up the steep, loose granite outcrops, conditions proved that 
these long-lived trees grow in practically no organic matter, but rely solely on minerals 
washed out in the heavy snowmelt in spring and evolved mycorrhizal relationships 
linking most woody species in the substrate. It was encouraging that (unlike with Q. 
douglasii) there was a clear mix of cohorts among these trees. 

In wetter areas, we also saw Populus tremuloides still green by the stream, Allium 
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Photo 10/ Among banks of Chrysolepis sempervirens at Onion Valley (Inyo National Forest) the 
closer pines are, from the right, Pinus balfouriana, P. flexilis, and three P. balfouriana. Further in the 
background on the left, a cluster of P. flexilis, and dead center in the sun, P. contorta.
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validum (the name-source of Onion Valley), Angelica lineariloba with showy seed 
heads, and the “circumarboreal” Rhododendron (formerly Ledum) columbianum – how 
marvelous to find more evergreen flowering plants at this elevation. In open, drier slopes 
(where your reporter enjoyed his boxed lunch), the common larger shrub was Cercocarpus 
ledifolius.

Descending again after lunch, we stopped to admire a standout Acer glabrum var. 
diffusum in yellow and orange, with tripartite leaves the size of a small fingernail. It bore 
a productive crop of ripening seeds.

Thence back to the bottom of Owens Valley, north to Big Pine, and east again to 
climb up to the crest of the White Mountains Range. Stew said that the rocks of these 
mountains, mud shale and dolomite formations a billion years old, are four times as old as 
the primary Sierra Nevada formations. In the canyons on the way, we saw cacti and again 
reached stands of P. monophylla. Then, at about 2,100 meters, we added J. osteosperma. 
Along the ridgeline of the Range, at about 2,750 meters, we reached P. flexilis again, as 
well as our destination plant, P. longaeva.

The Shulman Grove of the Inyo National Forest’s Ancient Bristlecone Pine Forest 
is at about 3,300 to 3,400 meters, up to tree line and with striking, barren landscapes 
among the pines. In 1957, Dr. Edmund Shulman took core samples and found among 
these P. longaeva the oldest known individual tree, about 4,800 years old. He found 
the more-exposed, southerly-facing individuals tended to be longer-lived and surmised 
that the extreme conditions produced denser wood, more resistant to disease and insect 
penetration. Awesome, ancient trees, both the quick and the dead.

A short drive south, traversing a very precipitous slope, led us to Sierra View Vista 

b
Photos 11a-b/ Pinus balfouriana above Onion Valley Campground.



Point and a view west to the 
Sierra range into the bright, late 
afternoon sun, while the moon 
was rising again to the southeast 
over a landscape dominated by 
P. monophylla. Ephedra viridis, 
Opuntia, and Artemisia tridentata 
var. vaseyana grew amongst the 
pines out of bare soil and rock. 
Obediently we boarded the coach 
again, headed back to the Valley 
floor, and turned north to Mammoth 
Lakes for the night.

“It will take 40 years . . .”

After a brief stop in the early 
morning of Day 4 to take in views 
across Mono Lake, the group 
retraced our route back to Yosemite 
and stopped for a stroll at the 
Tuolumne Meadows and Lembert 
Dome, at about 2,620 meters. The 
nights are cold here in October; 
there was still ice on some of the 
ponds.

The meadow scene was altogether 
less obviously active than anywhere 
else we had been, yet Stew showed 
us that P. contorta is invading some 
stretches of meadow, the pine being 
a water-tolerant species, which 
has conservators anxious about 
how to manage it. Outside the 
meadows, the pines were growing 
very densely, suggesting a high fire 
danger and worrying some foresters 
in our group.

Walking on the flat encouraged 
some more reflective conversations. 
Participants remarked to your 
reporter about their gratitude for the 
extraordinary access and knowledge 
we could share by touring with 
local experts; how it was stunning 
to see the vitality of plant life and 
communities in the high Sierras, 
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Photo 12/ Pinus longaeva, Shulman Grove (Inyo National 
Forest).
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which seem sometimes so barren in pictures; how wonderful it was to see Abies magnifica 
in habitat, when the species is very rare even in cultivation; how, to a newcomer, the IOS 
seemed already like a family; how sad are the threats to the Q. douglasii savanna; how 
interesting the future evolution of all these landscapes will be, though the losses may be 
heartbreaking.

After a sunny lunch at Tenaya 
Lake, we began another descent back 
to the Central Valley. Leaving the 
Park on the northwest side, we drove 
through another extensive recent 
fire, where spreading Ceanothus 
integerrimus and other understory 
plants are causing concern about 
inhibiting the regrowth of the trees 
in this area. Then we passed through 
an older burn, where some large Q. 
kelloggii had escaped burning at the 
crown, and there was ample basal 
sprouting from the burnt snags. This 
area, on western-facing slopes with 
relatively high precipitation, was 
home to a community very similar 
to the Lewis Creek Trail from Day 1. Stew observed that “it will take 40 years to get a 
semblance of coniferous woodland again.”

The coach stopped for a break at Rim of the World Vista Point on Highway 120. The 
pullout is on the south side of the steep Tuolumne River canyon, looking out at hundreds 
of thousands of acres of hills and valleys devastated by fire. Memorials marked the 
Groveland District Fire of 1949, the Stanislaus Complex Fire of 1987 (60,000 hectares), 
the Tuolumne Fire of 2004, and the Rim Fire of 2013 (104,000 hectares).

“Steep Winding Road”

We descended gently, at first, among Q. kelloggii and P. ponderosa. The ground then 
fell away more quickly and we were among Q. chrysolepis as well as Q. kelloggii and 
some Q. douglasii and Q. lobata. There were still C. decurrens among pines. Then, past 
Groveland, a road sign warned, “Steep Winding Road” and we dropped abruptly into a 
classic California chamise chaparral. Along with the namesake chamise (Adenostoma 
fasciculatum), a rosaceous species that fixes nitrogen, the hills were covered by 
Arctostaphylos viscida, Heteromeles arbutifolia with its bright orange fruits, occasional 
P. sabiniana, and, in the water drainages, Q. chrysolepis. This environment combines 
minimal soil and the highest sun exposure. Jeff, our driver, managed this dangerous 
stretch with aplomb, as he had in other tight spots on our trek.

Dropping further, we entered a zone with some Q. wislizeni, and then the Q. douglasii 
became plentiful. A turnout at Don Pedro Lake gave us a last chance to stretch our legs 
and gather seeds of Q. douglasii and Q. wislizeni. Pinus sabiniana was also on hand and 
provided cones for the most dramatic seed-collection enterprise, which involved sharp 
concussion of the cones against the pavement. Across the lake, red-colored stone above 

Photo 13/ Quercus douglasii and Q. wislizeni woodland in 
the hills along Don Pedro Lake, at 800-850 m in Tuolumne 
County.



the water line showed that serpentine soils lay in the hills on the opposite bank, where 
the Q. douglasii looked happy. 

A little further down the highway, Stew called attention to another “classic douglasii 
savanna” on the north side of the road, where, he said, in contrast to other locations, 
there is good recruitment of young plants. As we descended further and the average 
temperature regime increased, Q. douglasii became more dispersed, and then localized 
on ridge tops until they virtually disappeared.

Then there were walnut groves, and almond groves, and we were back on flat land. 
Q. lobata appeared again along the banks of the Stanislaus River. Thus we’d come full 
circle, as we headed back to Davis. “Spectacular” was one of the most common words 
on our lips.
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Sugarloaf Ridge State Park

The North Coast Pre-Conference Tour group set off from Davis on the morning of 
October 19, driving some 90 km west to our first stop at Sugarloaf Ridge State Park. 
This Park encompasses 1,142 hectares and is located in the mountain range between 
Sonoma and Napa Valleys, just a few kilometers east of Santa Rosa. Despite its proximity 
to urban areas and many institutions of higher learning, Stewart Winchester, our guide, 
tells us that Sugarloaf is a highly underutilized teaching resource. Not only can one 
of the easternmost Sequoia sempervirens stands be found here, but Sugarloaf is also 
home to eight different vegetation types, as well as representing much edaphic endemism 
resulting from serpentine-derived soils. It’s a site that has remained relatively unchanged 
in its natural and cultural character; we only had a morning to explore this “outdoor 
floristic museum”.  
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Photos 1/(a) Quercus durata; (b) Q. agrifolia; (c) Q. wislizeni (Sugarloaf Ridge State Park).
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Upon pulling in, we were greeted with the sight of our first oak, Quercus agrifolia, 
standing large and alone in a distant field. The vegetation had changed somewhat 
dramatically from the day before at Mammoth Lakes, (Sierra Nevada), where those of 
us who had participated in the Sierra Nevada Pre-Conference Tour had been.1 Here, one 
could gaze in many directions and see a multitude of plant communities, including mixed 
evergreen forest dominated by Pseudotsuga menziesii, Umbellularia californica, and 
Arbutus menziesii. Oak woodland was dominated by Q. agrifolia with scattered stands of 
Q. kelloggii, Q. chrysolepis, and Q. garryana. In addition, there were many other habitats 
that were identified in the area, including riparian woodland, chamise chaparral, and 
perennial and annual grasslands. 

Perhaps the most interesting area for the quercophiles was the serpentine chaparral. 
This is a distinctive chaparral community occurring on serpentine-derived soils; 
Ceanothus jepsonii var. jepsonii, Q. durata, and Festuca californica all serve as strong 
indicator species. What gives this soil its metallic composition is the surface runoff from 
small rocky outcrops that contain very high percentages of iron and magnesium. These 
compounds give rise to the lack of essential nutrients and high concentration of heavy 
metals within the soil, all of which are detrimental to plant growth. Plants found within 
these areas often share similar vegetative characteristics: stunted growth, dull, waxy, 
grey-blue leaves, and shallow rooting (e.g., Q. durata and Ceanothus jepsonii).

Despite these harsh conditions, Q. durata was laden with its short stumpy fruit. As 
expected, IOS members rallied up the hill as quickly as they could to get their first glimpses 
of this unusual scrub oak. On approach, you would often see a bright flash of exquisite blue 
which would light up the chaparral grasslands: Aphelocoma californica (California scrub-
jay) flying so quickly that it was impossible to get a picture. Another interesting surprise 
was something much smaller and rather edible looking: a strawberry gall, also known as 
the beaked twig-gall, (caused by Disholcaspis plumbella). Here we find it on Q. durata, but 
it is is also known to live on a few other White Oaks including Q. douglasii, Q. turbinella, 
and Q. berberidifolia, but there is sadly little known about this attractive gall. 

It seemed wherever you cast your eye there was always an oddity or a unique feature to 
see at Sugarloaf Park, as usual there is never enough time to see everything, but the trip 
must press on!

1. See, this volume, pp. 405-418 for a full account of the Sierra Nevada Pre-Conference Tour.

Photos 2/(a) Q. durata; (b) Disholcaspis plumbella (strawberry gall, beaked twig-gall) on Q. durata 
(Sugarloaf Ridge State Park).

a b



Rockefeller Grove 

The Rockefeller Grove stands on an alluvial 
floodplain at the confluence of Bull Creek 
and the Eel River, just south of Eureka. This 
quintessential lowland grove is known to be 
one of the most scenic in Humboldt Redwoods 
State Park. 

Rockefeller, also known as Tall Tree (world’s 
16th tallest tree), is the 10th tallest tree in 
Humboldt Redwoods State Park, and the tallest 
tree on Upper Bull Creek Flat. Rockefeller was 
named in honor of John D. Rockefeller who, 
between 1926 and 1929, donated $2,000,000 
to the Save the Redwoods League in order 
that they could purchase Dyerville Flat from 
the Pacific Lumber Company. In 1931, this 
14.6-square-mile area of old-growth Sequoia 
sempervirens (coast redwood) forest, since 
renamed Rockefeller Forest, became the core 
of Humboldt Redwoods State Park. 

We arrived just in time to appreciate it as 
it was beginning to become dusk. This was 
my second redwood experience and other 
participants had been here several times. 
Nevertheless, we all agreed every time is 
astonishing. As John Steinbeck once wrote: 
“The redwoods, once seen, leave a mark or 
create a vision that stays with you always. 
. . . [T]hey are not like any trees we know, 
they are ambassadors from another time.” 
(Steinbeck 1962). Trees towered above us 
like natural skyscrapers, their trunks wider 
than our coach itself and nothing but silence, 
not even footsteps could be heard on this 
mattress of needles. As you can imagine, no 
pictures can ever do these trees justice. We all 
found ourselves cranking our necks to get a 
glimpse of the tops of trees, but it was nearly 
impossible.

California’s distinct Mediterranean 
climate is far too harsh for the survival of S. 
sempervirens, but the Californian Fog Belt 
allows these large trees, as well as the dynamic 
ecosystem below, to thrive. Large understory 
trees such as Acer macrophyllum lit up corners 
of the forest like big yellow beacons, whilst 
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Photo 3/ Humboldt Redwoods State Park.
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their close and smaller relative A. circinatum warmed the lower canopy with its deep 
crimson red. As expected, deciduous species such as Acer spp., Alnus rubra, and Populus 
trichocarpa inhabited breaks in the canopy or grew along riparian banks. Evergreen trees 
such as Notholithocarpus densiflorus, Umbellularia californica, and Arbutus menziesii 
grew happily in areas of low light. Parts of the canopy floor were sparse, as it was out 
of season for the flush of Trillium ovatum, Oxalis oregana, and Aquilegia formosa, but 
Polystichum munitum were present in their thousands in mounds of emerald green.

Almost every vascular plant, non-vascular plant, and fungus that grows on the ground 
in the S. sempervirens community can also be found as an epiphyte some 80-100 meters 
above it. Due to the sheer size and complex architecture of these trees, large amounts of 
needles and other organic matter get deposited in different places along the tree trunks. 
This organic matter decomposes, creating “canopy soil” in which seeds can germinate, 
creating essentially a mini S. sempervirens forest in individual trees! According to Sillett 
and Van Pelt (2000), an Umbellularia californica was found in the canopy of an old-
growth S. sempervirens and is the highest recorded epiphytic tree in the world, growing 
out of a knothole located 98.3 meters above ground level. This fact alone hints at the 
complexity of the ecological interactions that take place in an old-growth S. sempervirens 
forest. Though it is not an oak woodland, I believe I can say that these trees stole every 
IOS member’s breath away and might have even inspired additional memberships with 
the International Conifer Society!  

Champion Quercus lobata at Covelo 

Upon reading the proposed itinerary, I couldn’t quite believe nor imagine that we 
would be seeing an oak nearly 50 meters tall. Consequent to this, I immediately left my 
office and rushed over to the Waterlily House at Royal Botanic Garden, Kew, where 
the TROBI2 Champion, Q. castaneifolia stands, some 37 meters in height. Eying up, an 
additional 13 meters sounded almost unfathomable; I gleefully awaited the day to see this 
entity in its landscape. 

And here I was stepping off the coach on a beautiful, cloudless, sunny day in California, 
to be confronted with the mightiest and grandest oak I have ever encountered. After a 
brief silence, everyone made a dash with their cameras armed at the ready and their 
collecting bags tied to their hips, it was manic. At the dripline of the tree was a quantity 
of acorns such that I have never seen, the ground was littered with caps and nuts in the 
thousands. For the first time on this trip there were no quarrels or disputes that our Tour 
organizer Abbey Hart had to resolve, there was more than enough to go around.

This Q. lobata stood in a beautiful open location on a farm amongst various vineyards 
in Covelo. Within the area there were a few individuals of similar age, but nowhere 
near as large. It is clear that before agriculture came to the Santa Clara Valley in the 
1880s, forests of Q. lobata would have extended for miles taking advantage of the ground 
water and resisting fire, wind, drought, and disease. Quercus lobata is likely the tallest 
North American oak, and descriptions of its remarkable stature appear in the diaries of 
many early visitors to California. Describing the open groves of the Santa Clara Valley, 
English explorer George Vancouver (1801) wrote: “For about twenty miles it could 
only be compared to a park, which had originally been closely planted with the true old 
English oak; . . .  the stately lords of the forest [were] in complete possession of the soil 

2. Tree Register of the British Isles.



which was covered with luxuriant foliage.” 
However, over the last 150 years Q. lobata 
has been victim of widespread agricultural 
and residential development; it is now rare to 
see extensive groves of this monarch species.

The small relict grove has managed to thrive 
in this location for the last 400-600 years. The 
Champion’s two codominant stems of equal 
size support the tree’s weight. It was clear from 
inspecting the tree that there is much wear and 
tear, but considering its historic wounds, the 
tree has responded well. One such wound that 
has failed to seal may cause a slow decline 
in the future. It is apparent that the tree has 
responded by compartmentalization (i.e., by 
shutting down a part of its vascular system 
in order to prevent the spread of decay), 
noticeable by the loss of bark plates in that 
region. Luckily it stands away from heavy foot 
traffic and busy roads, allowing this veteran to 
continue its natural life with minimal human 
interference. 
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a b
Photos 4a-b/ U.S. National Champion Quercus lobata (Covelo).



Photo 5/ Quercus lobata clothed in Ramalina menziesii (Hopland Research and Extension Center).
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Hopland Research and Extension Center

We arrived at Hopland Research and Extension Center, our final stop of the Tour. This 
outdoor research station encompasses 5,300 acres, where a diversity of soils, plant, and 
animal communities can be found; this allows for extensive research to be undertaken 
on wildlife, watersheds, and rangelands. Unexpectedly, on July 27, 2018, the River Fire 
burned over half (3,000 acres) of the research area. We were told that though this was 
a dramatic event, it has created a unique opportunity for research, especially with oaks. 

The site is home to a great number of oak species including, Q. agrifolia, Q. 
berberidifolia, Q. douglasii, Q. garryana, Q. kelloggii, Q. lobata, Q. parvula var. shrevei, 
and Q. wislizeni, all in amongst a vast collection of oak hybrids. Other tree species dotted 
the landscape to a lesser degree, such as Aesculus californica and Arbutus menziesii, 
many of which showed charred stems but with some promising regrowth. Other than 
the charred and cleared landscape, many of the trees were clothed in a silky green web, 
which appeared to be lace lichen, Ramalina menziesii. Its distinctive lace-like pattern is 
unlike any other lichen in North America and is known to be hugely beneficial to wildlife, 
in particular birds for nest building. Apparently, after many years, the California Lichen 
Society was able to honor this lichen by successfully campaigning to have it designated 
as the first-ever state lichen. Somehow, despite the intense fires, this lichen seemed to be 
thriving more than ever!



Interestingly we happened to be at a site that is essentially a crossroads where a few 
oak species’ outermost ranges intersect: for Q. douglasii, the westernmost range, for Q. 
garryana, the southern, and for Q. agrifolia, the northernmost limit. We were therefore 
able to see some fantastic oak hybrid examples: Q. ×morehus (kelloggii × wislizeni), Q. 
×jolonensis (douglasii × lobata), and Q. ×eplingii (Q. douglasii × garryana). Perhaps 
one of the most striking and peculiar hybrids we came across was Q. parvula var. shrevei 
× agrifolia. It held dense clusters of elongated acorns resembling Q. parvula, and glossy 
green revolute leaves, tapering to an acute point similar to that of Q. agrifolia. We were 
told that the offspring is fertile, which in my opinion could make it a valuable ornamental 
tree for arboreta. Another interesting hybrid we came across was Q. kelloggii × parvula 
var. shrevei, which held beautiful Q. kelloggii-like leaves, the majority of which, we were 
told, remain green throughout the winter.

Returning to the coach, many faces were sullen as we knew we were at the end 
of the road for the 2018 Pre-Conference Tours. For those of us fortunate enough to 
have been able to participate in both Pre-Tours, we had managed, in about a week, 
to see coastal, mountain, and desert habitats stretching all over Northern California.  
After such a pleasant journey in the good company of trees and friends, it was time to 
say our tender goodbyes to the second Pre-Tour and head back to UC Davis for the 9th 
International Oak Society Conference. 
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Photo 6/ Quercus douglasii (Hopland Research and Extension Center).
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Photo 8/ Tour participants at Hopland Research and Extension Center.
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Pre-Conference Day Trips
October 21, 2018



Frog Pond Trail Hike – Oaks in the Berryessa Snow 
Mountain National Monument

Led by Andrew Fulks (Assistant Director of the UC Davis Arboretum and Public 
Garden) a small group set off to discover part of the Berryessa Snow Mountain National 
Monument via the Frog Pond Trail of Cache Creek Canyon Regional Park. No frogs were 
seen but, after all, the hikers were mainly interested in seeing Quercus! The five-mile 
hike delivered its oaken and other woody promises, lovely vistas, and lots of already-
claimed-for acorns.  
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Photos. 1/ Quercus douglasii savanna; 
2/ Melanerpes formicivorus granary in 
Pinus sabiniana; 3/ Q. lobata; 4/ Picnic 
lunch under Q. lobata; 5/ View of the 
lower valley and the Cache Creek – well 
worth the hike! 6/ Spectacular Arbutus 
menziesii; 7/ Descending through Q. 
douglasii woodland. (Photographers. 
Photos 1-3, 5, 6: Dan Keiser. Photos 4, 7: 
Ron Lance).
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Pepperwood Preserve Tour
Pepperwood Preserve in Sonoma County is home to nine oak species, some of which 

are at the edges of their distributions – the southernmost for Quercus garryana var. 
garryana and the northernmost inner coast range for Q. douglasii. Quercus kelloggii, Q. 
agrifolia, Q. durata and Q. berberidifolia are also found here along with over 750 species 
of other plants. The various representatives of Quercus section Quercus species growing 
in close proximity to one another have given rise to a number of hybrid forms that are a 
challenge even for the best oak experts! 

As Tour Leader and Pepperwood Preserve Ecologist Michelle Halbur explained, 90% 
of the Preserve burned in the 2017 Tubbs Fire and researchers have been busy since 
then following the evolution of the landscape, oak regeneration, Pseudotsuga menziesii 
encroachment, and other aspects crucial to establishing best management practices for 
this ecosystem (see Halbur et al., pp 153-160, and Ackerley et al., pp. 23-30, this volume). 

1
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Photos. 1/ General view; 2/ Participants gather at the 
entrance to the Preserve; 3/ Q. agrifolia; 4/ Q. lobata; 5/ 
Fire-damaged area; 6/ Quercus douglasii 7/ Q. douglasii 
and Q. kelloggii; 8/ One of the mysteries! (Photographers. 
Photos 1, 3, 7: Jan Awouters. Photos 2, 4-6, 8: Christina 
Carrero).
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Wine Country Tour and Tastings
There are many reasons to visit California, oaks being the first of course. Second on 

the list might very well be Napa Valley. True to IOS form, the first stop was at the Oxbow 
Preserve to see a champion Quercus lobata and remnant Q. agrifolia forest. Once that 
was done, the true Dionysian flavor of the Tour became apparent with a pre-lunch tasting 
on Mumm Napa’s stunning Oak Terrace with no less than five different sparkling wines 
to be tasted. 

In the shade of magnificent Q. kelloggii at the Rutherford Hill Vineyard participants 
enjoyed a delicious lunch – during which they did not drink much water. After, arborist 
Denise Britton gave a short presentation about the various oak species found in the Napa 
and Sonoma areas and answered questions during lunch. This was followed by – guess 
what? – more wine tasting at Beringer Vineyard. Founded in 1876, it is one of Napa’s 
oldest wineries and is registered as a historical monument of California. A tour of the 
herb garden focused on recognizing many of the flavors and scents used to describe 
wines. The day ended with, oh yes, a further three glasses of wine to taste. Zarah Wyly, 
who had already done so much in organizing the Conference – and would continue to do 
as much in the days to follow to ensure its smooth running – rather deserved to be this 
Tour’s guide.
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Photos. 1/ Tour participants with 
Quercus lobata at the Oxbow 
Preserve; 2/ Mumm Napa Vineyard; 
3/ Rutherford Hill Winery; 
4/ Quercus lobata at Beringer 
Vineyards. The plaque at the foot of 
the tree states that it was there at the 
signing of the U.S. Constitution in 
1787; 5/ Lunch and discussion with 
Napa Valley arborist Denise Britton 
at Rutherford Hill Winery; 6/ 
Tasting wine at Beringer Vineyard. 
(Photographers. Photos 1, 4-6: 
Zarah Wyly. Photos 2, 3: Nicole 
Cavender.)

5

6

Title page: Zarah Wyly (lunch in the shade of Q. kelloggii at the Rutherford Hill Vineyard). 
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Local Tours
October 23, 2018



Capitol Park and Trees of Sacramento

Led by Zarah Wyly, Restoration Ecologist with the Sacramento Tree Foundation, 
participants had a grand tour of the beautiful oaks of the city of Sacramento and of the 
40-acre Capitol Park. The first part of the visit highlighted the history of California’s 
native oaks and how they have been used in the parks and urban forest of the state capital. 
The second part was devoted to a visit of Capitol Park where plantings began in 1860. 
Today the Park contains plants from nearly all over the world and is considered one of the 
most outstanding capitol parks of the country. It contains 11 State Champion trees and 4 
National Champion trees from many different genera plus one National Champion from 
our favorite genus: Quercus ilex. 
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Photos. 1/ The group strolls through 
a rare combination of Quercus 
douglasii and vernal pool complex at 
Sacramento’s Phoenix Field Park; 2/ An 
extraordinary Q. parvula var. shrevei, 
unbelievably not listed as a Champion; 
3/ Dan Keiser in awe of the State 
Champion Cedrus deodara; 4/ National 
Champion Q. ilex; 5/ Zarah Wyly and 
Bonnie Jean Berckes in need of longer 
arms to get around this State Champion 
Cedrus atlantica; 6/ Q. wislizeni ; 7/ Q. 
suber, planted during the WWII cork-
planting campaign (see Taylor, this 
volume, pp. 295-300). (Photos 1, 2, 4: 
Zarah Wyly. Photos 3, 5, 6: Dan Keiser. 
Photo 7: David Taylor.)

4 5

6

7



UC Davis Plant Conservation and Curation 

Led by Mary Burke (Director of Conservation and Environmental Leadership), and 
Rachel Davis (GATEways Horticulturist), participants visited on-campus sites at UC 
Davis where work is underway to advance plant conservation measures worldwide. The 
first stop was the UC Davis Center for Plant Diversity that houses the herbarium with 
importanat collections of Quercus specimens, followed by a walk through the UC Davis 
Arboretum gardens that celebrate local biodiversity, and wild-collected Quercus species 
that are grown for research and teaching collections. 
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Photos. 1/ Participants arriving at the UC 
Davis Center for Plant Diversity; 2/ Ellen 
Dean, Curator of the UC Davis Center for 
Plant Diversity, presenting the herbarium to 
participants; 3a-b/ The herbarium; 4/ Rachel 
Davis takes the group through the Arboretum 
gardens. 5/ A very large Quercus suber outside 
the herbarium building. (Photos 1, 2, 3a, 4, 5: 
Peter Berbee. Photo 3b: Rachel Davis.)5

3a 3b
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UC Davis GATEways Project

UC Davis Arboretum and Public Garden Assistant Director Carmia Feldman and 
GATEways Horticulturist Ryan Deering led a group to discover the different facets of the 
GATEways (Gardens, Arts, and The Environment) Project intended to engage visitors. 
The GATEways Gardens highlight the academic disciplines of geology, Native American 
studies, animal science, veterinary medicine, entomology, and also…oaks! 
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Photos. 1a-b/ The California 
Rock Garden collection houses 
a wide diversity of minerals 
from throughout the state, along 
with interpretative signage; 2/ 
View from the Native American 
Contemplative Garden, a 
GATEways Garden that 
honors Native Americans; 3/ 
Looking out over Putah Creek 
at the riverbank restoration in 
progress ; 4/ Walking through 
the beautiful Southwest U.S.A./ 
Mexican Collection; 5/ Nature’s 
Gallery, a composition of more 
than 140 hand-crafted ceramic 
tiles with 3D depictions of 
drought-tolerant plants and 
insects found in the Arboretum’s 
Ruth Risdon Storer Garden; 6/ 
the group takes a short break 
in the shade of a huge Quercus 
lobata at the Animal Science 
GATEways Garden. (Photos 1a-
b: Christina Carrero. Photos 2-5 
Emily Beckman. Photo 6: Nicole 
Cavender.)
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City and Campus Notable Oaks by Bike 

Conference attendees passionate about oaks and bikes were afforded the special 
opportunity to unite the two on this City and Campus Notable Oaks Bike Tour led by 
local urban forestry experts and bike enthusiasts Julia Jones (City of Davis), Yael Franco 
(Tree Davis), and Melanie Gentles (UC Davis) for a 12-mile loop around the City of 
Davis and the UC Davis Campus. Fifteen stops along the way highlighted the city's oak 
diversity, heritage-tree preservation, oak-inspired art, and general love for Quercus. 
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Photos. 1/ Oaks and other trees line the trail; 2/ Quercus lobata in Central Park; 3/ Q. cerris next to the 
Shields Library; 4/ Q. kelloggii on campus; 5/ Recently-planted young oak; 6/ Happy bikers. (Photos 1-6: 
Yael Franco.)
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Putah Creek Oak Restoration and Regeneration 
Putah Creek, that flows through the UC Davis campus, is the site of a unique campus-

community-government partnership that has contributed to the restoration of this 
once-imperiled ecosystem. J.P. Marie, Manager of the UC Davis Putah Creek Riparian 
Reserve, led participants to look at oak regeneration on the restored native grasslands 
at Russell Ranch, an area that was set aside as habitat mitigation for Buteo swainsoni 
(Swainson's hawk), Athene cunicularia (burrowing owl), and Desmocerus californicus 
(valley elderberry longhorn beetle). Further upstream, the group visited a restoration site 
in Winters that has been recently planted by community volunteers coordinated by the 
Putah Creek Council. 
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UC Davis Arboretum Collections 
Superintendent Emeritus of the UC Davis Arboretum and Public Garden, Warren 

Roberts, and GATEways Horticulturist Stacey Parker led a group to visit significant oaks 
and other notable plants in the Arboretum’s gardens and collections.  The tour highlighted 
the California native plant collections as well as geographic collections of plants from the 
Southwestern United States, Mexico, and the Mediterranean region. 

Photos: 1/ Koelreuteria sp.; 2/ Prunus myrtifolia; 3/ Sequoia sempervirens. (Photos: Ron Lance.)
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Peter J. Shields Oak Grove

Named to honor Judge Peter J. Shields, one of the founders of the UC Davis campus, 
who, with his wife, Carolee, created a fund to provide support for the Arboretum’s land 
along the waterway. Emily Griswold and Dave Muffly were the guides through this diverse 
collection with more than 100 oak taxa, including some of the famous Cottam hybrids 
(for example, Quercus robur × mongolica, Q. macrocarpa × turbinella, Q. engelmannii 
× castaneifolia) and others rare in cultivation like Q. brandegeei and Q germana. The 
Arboretum’s oak collection is part of the Plant Collections Network Multisite Quercus 
Collection (see Lobdell, this volume, pp. 301-308). The Shields Oak Grove was naturally 
a must-see for Conference participants, and it was therefore also the final stop for most 
of the other local tours.
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Title page: Andrew Hipp (Shields Oak Grove).
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Photos. 1/ Participants admiring Quercus macrolepis and its acorns. 2/ Q. aff. crenata; 3/ Q. brandegeei; 4/ Q. 
calophylla; 5/ Q. germana; 6/ Q. pungens; 7/ Q. crassifolia; 8/ Q. engelmannii; 9/ Q. castaneifolia × cerris; 10/ 
Q. oleoides; 11/ Paul Manos and Andrew Hipp in front of The Oak Family Tree mural; (Photo 1: Abbey Hart. 
Photos 2-10: Thierry Lamant. Photo 11: Alan Whittemore.)
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Post-Conference Tour 
October 25-26, 2018 

San Francisco Bay Area
Matthew Lobdell

The Morton Arboretum 
4100 Illinois Route 53 

Lisle, IL 60532-1293, USA 
mlobdell@mortonarb.org



Introduction

On the morning of Thursday, October 25, nearly 30 Conference attendees, Committee 
members, and a hefty quantity of luggage departed from UC Davis in four vans to embark 
on a two-day tour of the San Francisco Bay Area. Our first stop was the University of 
California Botanical Garden at Berkeley, located approximately 70 miles to the south. 
Our drive towards San Francisco Bay was quite scenic. Walnut and almond orchards 
were frequent along the roadside, and as we traveled further south, we were treated to 
views of Quercus agrifolia (coast live oak) in the hills. A particular highlight was the 
Cordelia Slough, a tidal watercourse framed by flat hills filled with Aesculus californica 
(California buckeye), Q. douglasii (blue oak), and Q. lobata (valley oak). About an hour 
into the drive, we had our first experience with the Bay Area’s notorious traffic, hitting 
a virtual standstill on Interstate 680 outside of Pleasant Hill, a mere 15 miles from our 
destination. As traffic freed up, we had a brief opportunity to stop along Grizzly Peak 
Boulevard, a scenic road allowing us to view and photograph the city of Berkeley from 
our vantage point in the Berkeley Hills.

UC Botanical Garden at Berkeley 

Upon our arrival, we were greeted by Dr. Vanessa Handley, the Botanical Garden’s 
Director of Collections and Research, who provided us with an overview of the scope 
and history of the institution. Established in 1890, the University of California Botanical 
Garden at Berkeley has grown over the last century and a quarter into a 34-acre property 
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Photo 1/ Julia Morgan Hall located near the Garden entrance.
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boasting an impressive 17,000 
accessions of 11,000 taxa, many of 
which are plants rare or endangered 
in the wild. Their collections are 
organized geographically, allowing 
for the plants within to be presented 
in a naturalistic and immersive 
fashion. Plant groups of focus 
include Quercus, Magnolia, Cycads, 
and xerophytic ferns, all of which 
are Nationally Accredited Plant 
Collections, a designation bestowed 
by the American Public Gardens 
Association Plant Collections 
Network. Additionally, they focus 
on taxa native to the Mexican cloud 
forest, a habitat very difficult to 
emulate within the continental 
United States. Botanical gardens 
in the Bay Area, including San 
Francisco Botanical Garden, are 
apparently having the best success 
in this endeavor. As the institution 
specializes in plants of known wild 
origin, the provenance of these 
plants is indicated on the plant 
labels, with rare and endangered 
plants indicated by the addition of 
a red dot.

While marveling at two large Q. rugosa (netleaf oak) of Mexican origin located near 
the Garden’s front entrance, we split into two groups: one led by Dr. Handley, the other 
by Dr. Chris Carmichael, her now retired predecessor. Our tour began with a short walk 
to the Deserts of the Americas section, passing the recently renovated and relocated Julia 
Morgan Hall. Constructed in 1911 as a social center for women, it was relocated from the 
University’s central campus in 2014 and modified to meet current accessibility standards. 
In its new location, it now serves a variety of roles including weddings, conferences, 
and seminars. Oak specimens of note in this area include a recently verified Q. hinckleyi 
(Hinckley oak), with a Q. oblongifolia (Mexican blue oak) just behind it. We skipped 
over the Asian collection due to time constraints, though did catch a glimpse of a large 
Q. aliena var. acuteserrata, and were encouraged to return to browse their extensive 
Rhododendron collection.

Our next stop was the North American collection, including specimens native to 
different regions of the continent, such as Q. nigra (water oak), Q. montana (chestnut 
oak), Q. lyrata (overcup oak), and a large four-stemmed Q. rubra (northern red oak) from 
the east; Q. grisea (gray oak) from the Southwest; and Q. greggii and Q. laeta from the 
Mexican cloud forest.

As our path took us further and further into the Garden, we found ourselves in the 

Photos 2/ (a) Quercus cedrosensis. The red dot indicates 
its status as a rare and endangered species; (b) Q. palmeri, 
like Q. cedrosensis, is one of the five species in section 
Protobalanus (UC Botanical Garden at Berkeley).

a

b



remote and diverse Mesoamerica collection. Highlights here included Q. polymorpha 
(Mexican white oak) and Q. obtusata. I took the opportunity to indulge my personal 
interest in Styrax and briefly departed the group in search of a few Mexican components 
of the genus including S. glabrescens, then rejoined amidst a conversation about animal 
control at the Garden. The entire property is fenced for deer which have been destructive 
in some areas, though apparently the local deer population saw at least some control from 
a nearby resident mountain lion for a short time.

As our visit drew to a close, we had the chance for one last walk through the California 
collection, allowing for the observation of several native oaks including Q. dumosa 
(Nuttall’s scrub oak) and Q. berberidifolia (California scrub oak). We stopped for lunch 
in a grove of Q. agrifolia, and then proceeded back towards the vans in preparation for 
our drive south across the Bay.

Long Ridge Open Space Preserve

Our next destination was the Long Ridge Open Space Preserve, a plot of land that has 
been utilized as an orchard, alternative boarding school, and last functioning cattle ranch 
in the region prior to its sale to the Midpeninsula Regional Open Space District in the 
1980s. Our route to reach it took us through the city of Berkeley, where we observed the 
common use of Liquidambar styraciflua (American sweetgum) as a street tree, known 
locally to hold leaves in red fall color until as late as February. Driving further south, we 
crossed the Bay Bridge and were treated to a spectacular view of the water body, as well 
as some of the local islands including Angel Island, Treasure Island, Yerba Buena Island, 
and Alcatraz Island.
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Photo 3/ A grove of Quercus agrifolia: the perfect place for a picnic (UC Botanical Garden at Berkeley).
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After traveling further south 
towards Cupertino and San Jose, 
we arrived at the Long Ridge Open 
Space Preserve. Dave Muffly, 
Senior Arborist for Apple Inc., was 
waiting for us there. He quickly 
escorted the group across the road 
and to the trailhead for the Bay Area 
Ridge Trail. Before proceeding 
further, he also provided a quick 
lesson on identifying the prevalent 
Toxicodendron diversilobum 
(poison oak), generally leafless 
but still toxic at this time of year. The dense woodland close to the road consisted 
predominantly of Pseudotsuga menziesii (Douglas-fir). Dave noted that they had been 
taking over and “eating” the previously more common Arbutus menziesii (madrone) in the 
absence of fire. Upon hiking higher and reaching an opening, we were treated to a massive 
Q. chrysolepis (canyon live oak) 
loaded with golden-yellow acorns. 
Other highlights here included a 
large Q. kelloggii (California black 
oak), Q. wislizeni (interior live 
oak), and a few Q. parvula var. 
shrevei, distinguished from similar 
species on this site due to the apple-
green coloration to the leaves.1 As 
we walked back into the woodland, 
we took note of extensive sudden-
oak-death damage, particularly 
on Notholithocarpus densiflorus 
(tanbark oak), with many mature 
trees losing their main leader and 
attempting to sucker from the base. 
Quercus agrifolia was also visible 
towards the end of the walk, with 
some Tour members debating the 
potential of introgression with a 
nearby species based on the degree 
of cupping seen in the leaves. We 
departed prior to sunset and had 
dinner on Main Street Cupertino 
before proceeding to a hotel for the 
evening.

1. The complex relationships in the California Agrifoliae are discussed in detail in this volume: Keuter and Manos 
2018 (pp. 191-202); Dodd and Papper 2018 (pp. 203-208). 

Photo 4/ View of the Bay Area islands while crossing the Bay 
Bridge.

Photos 5a-b/ Quercus chrysolepis in the Long Ridge Open 
Space Preserve, loaded with acorns.

a

b



Stanford Academic Reserve

The next morning we traveled to the “Dish Area” of the Stanford Academic Reserve 
located in the Palo Alto Foothills. Named for the large and still functioning radio telescope 
on the property, it is used extensively by hikers and joggers during the day. It is also home 
to spontaneous oak trees, some of the largest cored to 150-350 years of age, as well as 
many younger trees planted during more recent restoration activities.

Restoration efforts began thirty years ago, when David Schrom, Senior Resident 
Fellow and co-founder of Magic, Inc., came across the property and noticed a lack of 
oak regeneration, largely due to livestock grazing. Schrom began recruiting volunteers 
and planting acorns, at first finding his efforts were only successful in feeding squirrels. 
After a follow-up planting with screens over the acorns and a barbed-wire exclusion 
fence, success rates were much better. Since the 1990s, tree shelters have been used to 
better protect the establishing trees from voles, squirrels, and other wildlife. To ensure 
the longer-term viability of the project, Schrom worked with John H. Thomas, author 
of the Flora of the Santa Cruz Mountains (Thomas 1961), to classify their efforts as 
a research project. Today, the grove of planted oak trees is still performing well. Over 
25,000 volunteers have donated their time over the history of this project.

Some of the more common 
plantings on site include Q. 
agrifolia and Q. lobata. The former 
is currently outperforming the 
latter as the property has lacked a 
hard killing freeze in recent years. 
In some areas, planting has been 
rather dense with the intention of 
establishing a wildlife corridor. 
There are also a few Q. macrocarpa 
(bur oak) on site, performing 
surprisingly well, in some cases 
even better than the Q. lobata.

Our hike ended at the top of a hill, where we were able to see a few more specimens, 
including one Quercus ×jolonensis (Q. douglasii × lobata) as well as a spectacular view 
of both the San Francisco Bay and East Bay Hills before hiking back down to the vehicles. 
We regrouped and drove to the Magic, Inc. commune for lunch. David Schrom was kind 
enough to provide a tour of the commune before we had to depart in order to make our 
appointment at Apple Park.

Apple Park, Cupertino

We arrived at Apple Park and proceeded to the security office, gathering under a 
planting of Platanus racemosa ‘Roberts’ while receiving our required ID badges. We 
were also greeted by Russel Reid, a Senior Scientist at Apple who came bearing gifts 
of acorn muffins his wife had baked using local Notholithocarpus. We were informed 
we would not be able to take photos at this site due to security concerns, but fortunately 
acorn collecting was actually encouraged to assist with cleanup efforts!

Prior to beginning our walk around the property, Dave Muffly provided us with an 
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Photo 6/ Newly planted trees characteristic of restoration 
efforts at the “Dish Area” of Stanford Academic Reserve.
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overview of the history of the project and his involvement with the landscaping of Apple 
Park, the current headquarters of Apple Inc., which opened in April 2017. The main 
building is doughnut-shaped, 150 ft in width, and 1 mile in circumference. The entire 
campus is 175 acres, 75 of which are dedicated to buildings, roads, and paths. In planning 
for the facility, Steve Jobs wished to create more a nature preserve than a corporate park, 
and thus the remaining 100 acres are dedicated to landscapes. He apparently loved the 
views of oaks on dry hillsides, similar to what our group observed at the Long Ridge 
Open Space Preserve, and wished to emulate that setting by extensive plantings of trees, 
especially oaks. Topography is present on the campus in the form of berms and hills 
created during the building construction. Nearly 35 ft worth of soil had to be dug to 
provide space for the building’s two levels of parking, and rather than move the excavated 
material offsite, it was used as part of the nearly 100,000 mining-dump truckloads of soil 
needed for the extensive operations required to create the park.

Dave Muffly was hired by Steve Jobs in order to oversee the tree selection for the 
project. The vast majority of the trees selected were oaks, almost all were grown from 
seed, and many from acorns collected from the Shields Oak Grove at UC Davis. The 
average size at planting was a 5-inch caliper tree in a 5-ft box, though 700-800 trees were 
larger, requiring 8-12-ft boxes. By the end of the project, a total of 2,500 truckloads of 
trees had arrived at Apple Park, representing 61 oak taxa.

The results of these efforts were apparent as soon as we walked through the gate. 
Some of the first taxa we encountered were Q. lobata and Q. suber (cork oak), both 
planted in sufficient quantities and proximity to create the effect of woodland. Other 
highlights included the shrub form of Q. rugosa collected from Arizona and specimens of 
Q. tomentella (Island oak) grown from seed collected from a cultivated tree but appearing 
true to name. A few Q. macrocarpa also appeared adapted to the site, performing similarly 
to those we observed at the Dish Area earlier in the day. Considering trees less true to 
name, we were able to observe specimens of Q. ithaburensis (Mount Tabor oak) that 
appeared to be hybridized; these trees were grown from seed collected at the Shields Oak 
Grove where they grow not far from Q. coccifera. Quercus calliprinos2 (Palestine oak) 
was planted in multiple locations, though its overall performance was rather spotty. Some 
specimens were vigorous and performing well, whereas others were failing to establish 
and will likely be removed in the future. On the other hand, nearly all specimens of Q. 
fusiformis (Texas live oak) were thriving on the site.

On numerous occasions, we had to temporarily cease our oak study to allow for passing 
groups involved in a walking meeting, or runners using the site for a mid-day workout. 
The runners were particularly embraced by our group: forming two lines on the side of 
the path, we applauded and cheered them on as they passed.

A few more specimens of interest awaited us as we completed our hike around the 
facility. There were several Q. kelloggii, a species that typically suffers from powdery 
mildew in the bay area unless introgressed with Q. agrifolia. These specimens, however, 
were collected from a population in the northern part of California, near Lake City, 
and seemed to be performing much better. Similarly, Q. muehlenbergii (chinkapin oak) 
showed clean foliage, likely owing to their provenance from the Guadalupe Mountains. 
Finally, we saw a few Q. canbyi (Chisos oak), grown from acorns Dave Muffly collected 
with David Richardson from traffic medians in Dallas, Texas.

2. Currently there is disagreement between different authorities concerning taxonomic status, and more work is needed. 
Both Q. calliprinos and Q. coccifera subsp. calliprinos are used.



Our Tour ended in the Apple Park Visitor Center, where we hydrated and recovered 
before once again heading into the Cupertino area for dinner. This afternoon marked the 
end of the San Francisco Bay Area Post-Conference Tour. 

I regrettably departed the group at this point as my schedule did not allow for 
participation in the second Post-Conference Tour that was headed for California’s Central 
Coast, but was very thankful for the two days I was able to extend my stay in California by. 
The opportunity to study these Western North American species with our knowledgeable 
guides was incredibly valuable. I’ve often considered oaks one of the most versatile and 
adaptable groups of trees, and this perception has grown even stronger after seeing them 
thrive in habitats and landscapes ranging from a botanical garden to a natural area, to a 
restored area, to a corporate campus, over the course of just two short days.
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Photo 7/ Tour group in front of a large Quercus douglasii at the “Dish Area” of Stanford Academic 
Reserve.
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Introduction

After sad farewells the evening before to those with whom we’d shared the first 
Post-Conference Tour to the San Francisco Bay Area (see this volume, pp. 453-460), 
it was a mere dozen diehards who set off in two vans from our hotel in Santa Cruz 
towards the rising sun at the customary 8 a.m.; soon we were rolling along our familiar 
friend California Highway 101, which had accompanied our Tours all the way south 
from Eureka. Our organizer, Rachel Davis, guide Dave Muffly, and driver-helpers Miles 
DaPrato and Ryan Deering remained from yesterday’s team.

Our route followed the heavily 
cultivated valley of the Salinas 
River, where some harvesting 
was still in progress but where the 
majority of the fields were tilled and 
awaiting the much-needed fall rain 
which will (if it comes) also turn 
California’s golden hills, distantly 
visible on each side of us, back to 
green. From time to time we crossed 
empty tributaries of the river as 
gradually the dry hills, studded with 
oaks to the west, closed in to meet 

us. At San Ardo (you are never far from a saint in coastal California, or even an occasional 
angel) nodding donkeys pumped contentedly. A “rest stop” obligingly provided several 
Quercus douglasii in copious fruit; somewhat less copious when we departed.

Halter Ranch

On reaching the town of Paso 
Robles, (“Oak Pass” – how 
appropriate for an IOS tour), we 
left 101 to head westwards on 
a climbing road towards Lake 
Nacimiento before arriving at our 
first visit, Halter Ranch, where 
we met our guide for the day, 
Matt Ritter, Professor of Biology 
at California Polytechnic State 
University. Matt set the scene for 
the day by generously giving each 
of us a copy of his newly-published 

guide to the California flora, California Plants. Halter Ranch is a new name for an old 
property bought by a Swiss billionaire, a philanthropist who has purchased an enormous 
amount of conservation land in the U.S.A. Olives, peaches, and almonds used to be 
grown in the area, together with walnuts, but vines are gradually taking over as profit 
margins are higher (although a wry joke circulates in South Africa: Q. How do you make 
a small fortune out of wine production? A. You start with a large fortune).
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Photo 1/ Quercus douglasii near Paso Robles.

Photo 2/ The oak and vine landscape of this part of 
California.
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Vines filled the valley around 
the Ranch, but other valleys on the 
property contain large Q. agrifolia, 
Q. douglasii, and Q. lobata. Found 
where the tectonic plates meet, 
the Ranch is located in Adelaida 
District, on rocks of the Franciscan 
Formation, composed in part of 
Adelaida limestone. Visible on a 
rise in the middle distance there 
was evidently a large oak – how 
large we were shortly to find out: a 
trunk of 8.2 m in girth, 27.7 m tall, 
with a spread of approximately 32 
m, and concealing completely in 
its enticing shade another group 
who were tasting wine. The tree 
is a National (and thus a World) 
Champion Q. agrifolia with an 
estimated age of 400 years. The 
surrounding irrigated vines have 
been moved further away in order 
to protect this wonderful tree from 
root problems. Matt went on to 
explain that it is in fact shape-changing Q. chrysolepis, in its tree guise, which can be the 
largest temperate-region oak in the world, but that the honor of being the world’s largest 
oak species belongs to the tropical Q. bumelioides from Costa Rica, which can reach over 
60 m in height. 

Descending back towards Paso Robles, we passed orchards of Juglans regia (European 
walnut) top-grafted onto J. californica (California black walnut) stocks, but, with 
California’s climate having been drier than ever previously recorded between 2010 and 
2014 (part of “Global Climate Chaos”, Matt’s splendid preferred term for what is going 
on), unirrigated orchards are dying: a small silver lining is that the graft stocks can 
then be dug up and used for making high-quality gunstocks. We passed some Fraxinus 
latifolia and then descended again 
into a mixture of Q. agrifolia and Q. 
berberidifolia. Soon we stopped for 
a picnic lunch on Peachy Canyon 
Road, where I can claim to have 
eaten under the shade of the latter 
usually shrubby oak, perhaps by 
virtue of some leggy introgression 
from Q. lobata or Q. douglasii. 
This genetic melting-pot also 
produces plants here Matt refers 
to as “stringybark berberidifolia.” 
However, we had to wait until after 

Photos 3a-b/ State, thus National, Champion Quercus 
agrifolia at Halter Ranch just waiting to have its picture 
taken with the IOS.

a

b

Photo 4/ “Stringybark” Quercus berberidifolia on Peachy 
Canyon Road.



lunch to see the stars of this stop: tree-
sized Q. palmeri at the side of the 
road. The species is an uncommon 
member of section Protobalanus, 
the spiny leaves yellow underneath 
when young, but now largely a 
bright blue-grey. These trees seem 
blissfully unaware that they are not 
supposed to be more than 5 m tall, 
but then the living here must be fat 
compared to their putative habitat 
in “desert margins.” Toxicodendron 
diversilobum (poison oak) growing 
underneath inhibited the fingers 
poised to scrabble for fallen seed 
but Matt informed us that one of his 
students had already collected the 
fruit.

Back on 101, just to the north 
of San Luis Obispo and already at 
nearly 470 m elevation, we turned 
east up a steep road towards the 
East Cuesta Ridge, an extension 
of the Santa Lucia Range, whose 
vegetation had burnt two years 
previously. Looking back across 
the highway in the valley we had 
left, we saw the West Cuesta Ridge, 
with nine volcanic plugs in a row 
parallel to its southwest flank, the 
furthest being Morro Rock on the 
Pacific coast, an area we would 
visit tomorrow. There are some 
serpentine soils on the ridges on 
which Q. durata finds a home, and 
we saw a few of these shrubby oaks 

on “normal” soils also, with their small concave leaves, hairy beneath. Above these, 
Q. wislizeni and Q. agrifolia, along with two species of Arctostaphylos (manzanita), 
Notholithocarpus densiflorus and various chaparral shrubs, in turn give way to Pinus 
attenuata, (knobcone pine), a fire-dependent closed-cone species. Pinus coulteri (big-
cone pine), put in an appearance from time to time. Matt told us that there had once been 
a theory that the Notholithocarpus (previously accepted as being part of the otherwise 
solely Asian genus Lithocarpus) might have come from Asia with ancient man in canoes, 
but Paul Manos has more or less proved that this newly created genus is closer to Quercus 
than Lithocarpus and evolved in the Americas. This, and discussion of hybridization and 
introgression in Quercus, allowed Matt to come up with another splendid quote: “The 
tree of life is not a tree, it’s a net.”
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Photos 5a-b/ Unusually tall Quercus palmeri (Peachy 
Canyon Road).

a
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El Moro Elfin Forest and SBBG

After an overnight stay in San Luis Obispo, we left for the El Moro Elfin Forest, a 
36-hectare natural area overlooking the Morro Bay Estuary, with the sugarloaf of Morro 
Rock in the background. Wind, salt spray, poor sandy soil, and drought (less than 406 mm 
of rain per annum) conspire to reduce the height of the vegetation yet promote diversity 
(there are around 200 plant species here, and 110 species of bird). We entered the area in 
the Coastal Dune Scrub zone and clumped along the boardwalk like a herd of Gullivers in 
Lilliput, heads well above the vegetation in which silvery Lupinus chamissonis, Artemisia 
californica, Ceanothus cuneatus, and Ribes speciosum were notable. The boardwalk loop 
then descended into the “Pygmy Forest,” where Q. agrifolia was the major component, 
sometimes only 1 m tall but in heavy fruit and sometimes, on 200-year-old plants, 
with writhing trunks up to 6 m, and mingled with Arctostaphylos morroensis (Morro 
manzanita), Frangula californica (coffeeberry), and of course that damned poison oak 
again. Plants raised from acorns of these dwarf trees grow into “normal” specimens, 
proving that the marked reduction in size is not genetic. Our return to the car park took 
us into a third zone, that of Maritime Chaparral, which here also includes Adenostoma 
fasciculatum (chamise), so abundant in chaparral elsewhere.

A picnic lunch on the beach at Spooner’s Cove followed, and then, yes, Highway 101 
again until we abandoned its coastal trajectory to cut eastwards on Highway 154 through 
oak savannah, passing Lake Cachuma before climbing into the Los Padres National 
Forest. Descending again on the south side of the hills, we got to our destination for the 

afternoon: the Santa Barbara Botanic Garden (SBBG), founded in 1926 on a 32-hectare 
site on Mission Creek. The dam and aqueduct which supplied water to the Mission in 
Santa Barbara still exist within the Garden, which is now dedicated to Californian native 
plants, and its diverse terrain offers themed zones containing plants with widely differing 

Photo 6/ Pygmy Quercus agrifolia at El Moro Elfin Forest.
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Photo 7/ The very rare Quercus tomentella at Santa Barbara Botanic Garden.
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habitats, from desert through to redwood and riparian forest, the latter (the Canyon Trail) 
containing enormous Platanus long pre-dating the Garden. A fire burned through the 
garden in 2009, but after only a year there was apparently scarcely a sign – no doubt an 
advantage of using native plants that have evolved with fire.

Oaks included Q. engelmannii, a blue-grey feature in the meadow at the drier upper 
contour of the entrance level, whilst the ubiquitous Q. agrifolia cropped up almost 
everywhere, with some large specimens in the damp Arroyo section. Irresistible also was 
the section devoted to the Arctostaphylos species, with their gnarled trunks both smooth 
and colorful.

Santa Barbara itself, in a favorable position nestled on the south-facing coast under 
the shelter of the Santa Ynez Mountains and overlooking the Channel Islands, enjoys 
multiple benign microclimates, albeit on the dry side with only 460 mm of rain a year. 
Those Mission padres were no fools. Rarely exceeding 32 °C, and with perhaps one day 
a year where the temperature dips to 0 °C, such is the variety of trees planted in the city 
that the Botanic Garden has published a book by Robert Muller and Robert Haller, Trees 
of Santa Barbara (2005). Unfortunately the climate equally favors invasive genera such 
as Schinus and Tamarix.

LA County Arboretum and Botanic Garden

Santa Barbara morphs to the west into the city of Goleta, where the next morning, close 
to our hotel, we saw a magnificent 300-year-old Platanus, the Witness Tree, imprisoned 
in a small courtyard attached to a gym. We then rekindled our love affair with Highway 
101 as it headed southeast to Ventura and then skirted the city limits of Thousand Oaks 
(perhaps overdue renaming as Thousand Schinus or Thousand Eucalyptus), a last fling 
before abandoning it faithlessly, another doomed holiday romance, for Highway 134 East 
in order to reach our first brief stop of the day – a residential area in which indigenous Q. 
engelmannii had been incorporated into the zone planning (trees providentially in fruit). 
These blue-leaved trees were in fact to be the main theme of our day, our next stop being 
the Los Angeles County Arboretum and Botanic Garden, aptly in Arcadia. Known in its 
publicity as “The Arboretum,” I give the full title in order to distinguish it from the Los 
Angeles Zoo and Botanical Gardens. Jim Henrich, Curator of Living Collections, and 
(it was to prove) truly a fountain of knowledge on this species, was waiting to meet us.

The Arboretum consists of 52 hectares, 25% of which has pop-up irrigation, but is 
graced also with natural lakes. It was founded in 1947, being thus a few years younger 
than SBBG, but of course in both there are trees pre-dating the foundation. Before we 
even saw an oak, two eye-catching trees impressed us, the first being a dense confection 
of pink flowers: Ceiba (once Chorisia) speciosa, the pink silk floss tree. The second, 
Eucalyptus deglupta, the Mindanao gum, had extraordinary bark even by Eucalyptus 
standards – narrow vertical bands of red-brown, orange, grey, and both pale and dark 
green. Jim explained that the climate is not always rosy, vicious Santa Ana winds can 
arrive from the desert at 100-115 kph, and the previous December the Arboretum was 
closed from December 2 until after Christmas after catastrophic 160-193 kph winds 
destroyed 235 trees – et in Arcadia ego. However, on the positive side, the Arboretum has 
a Madagascar Spiny Forest, a climate-enabled privilege shared in the U.S.A. only with 
Koko Crater BG on Oahu, Hawaii, and the Fairchild Tropical Botanic Garden in Florida: 
the biome is perilously threatened in Madagascar.



As we walked briskly with 
Jim to our oak appointment, it 
was impossible not to notice the 
preparations for an extraordinary 
display of Chinese “silk” (probably 
plastic these days) forms, some 
animated, and all apparently to be 
lit at night for an event to be known 
as “Moonlight Forest.” As he talked 
we passed “Panda-monium,” with 
several pandas eying up plump 
silk bamboo canes. The display 
was being assembled by 50 to 60 
Sichuanese, and afterwards will 
continue to travel to other venues in 
the U.S.A.

Quercus engelmannii (also 
known as Pasadena oak and Macer 

oak) has a range from western Arizona to the Pacific, and southwards into Mexico. Jim 
told us that its status has just been changed from “Threatened” to “Endangered” in the 
new Red List, and indeed in California it can be considered that there are now merely 
relict populations, as the drying climate is no longer suitable for the species. In addition, 
during the time of settlement of the area, numerous oaks were cut down: although Q. 
agrifolia was used for construction, Q. engelmannii tends to warp and was thus used only 
for firewood. Of the populations now remaining, the largest by far (93%) is on military 
land in San Diego County, followed by 5% on Nature Conservancy land on the Santa 
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Photos 8a-b/ Quercus engelmannii at the Los Angeles County 
Arboretum and Botanic Garden.

a

b
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Rosa Plateau in Riverside County. Perhaps due to subterranean water, this latter area 
has large and healthy trees; it is perhaps to their advantage that, although mixed with Q. 
agrifolia, they are at lesser density than other populations. There is 1% in Orange County 
and less than 1% in Los Angeles County, and of this latter 1% we were just about to see 
the largest grouping, a total of 224 mature trees, 175 on one side of an access road, the 
rest on the other. The germplasm here has wisely been protected – no other introductions 
of the species have been allowed.

The trees require at least 380 mm of rain per annum, and here winter irrigation is used 
to bring the annual total to 460-510 mm (from November to May around 16 hours of 
water per month, plus one monsoonal drench in August). Jim wants to have at least one 
offspring from each tree established in the Arboretum, but natural recruitment is limited 
although, when mowing around the trees was halted after Jim’s arrival, some 2,000 
seedlings which had been suppressed grew away vigorously (but with a high subsequent 
mortality rate due to gophers and drought), so acorns are collected and sown (of course, 
with meticulous record-keeping). Seedlings germinate in winter in order to establish 
roots before summer, and 12 are planted to ensure one survivor as the seedlings are only 
watered at planting. In addition, squirrels have learnt that the marker flags used were 
an invitation to a tasty take-away meal. To the date of our visit, 854 had already been 
planted. Masting, so irregular elsewhere, seems to occur every three years here, with the 
2013 harvest (1,369 seeds sown, of which 952, approximately 70%, germinated) having 
been more profuse than either 2010 or 2016.

Jim continued to ply us with information: some acorns make two sprouts, and in 
addition damaged taproots may resprout. There is no standard leaf shape to the species, 
leaves may be entire to undulate to significantly toothed. Young leaves are bluish, with 
tan hairs mainly on the underside. If there is natural regeneration, it occurs mainly around 
the drip line, and the youngsters have difficulty in establishing in full sun: young plants 
will in fact accept a lot of water without problem if it is provided. Here, volunteer weeders 
are used to lessen weed competition. Mature trees lose some leaves in dry periods, and 
the trees are minimally pruned in July through to September in order to aid passage for 
weed control.

There are some 35 to 40 oak species in total in the Arboretum, some of which we 
passed on the path to our picnic venue, but we were very glad to have concentrated 
largely on this invaluable woodland of a now endangered indigenous oak.

We had our lunch on the stoop of the “historical landmark” Queen Anne Cottage, a 
picturesque and highly decorated structure built in 1881 purely for entertaining, now 
painstakingly renovated and more recently used in several films. Admittedly I’m not 
accustomed to seeing dragons on a regular basis, but nevertheless, across the scenic lake 
beside the cottage, perfectly reflected in the water, was the biggest dragon I have ever 
seen, courtesy of the Chinese team. May it bring good luck. And rain.
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Photo 9/ A new (but temporary) resident of the LA County Arboretum and Botanic Garden.
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International Oak Society 
Service Awards 2018

The International Oak Society Service Awards are attributed to individuals that have 
devoted significant efforts to the genus Quercus and/or the advancement of the goals of 
the IOS. The Lifetime Service Award is attributed to individuals we feel have contributed 
in a significant way throughout their lives and the Special Service Award to those whose 
contributions are of a more targeted nature. All members of the International Oak Society 
may propose candidates for consideration for these Awards, and a call for candidates is 
published in Oak News & Notes during a conference year.

Lifetime Service Award: 1/ James Harris (UK). 

Special Service Awards: 2/ Michael Melendrez (USA). 3/ Charles Snyers d’Attenhoven 
(Belgium). 4/ Andrew Hipp (USA). 5/ David Richardson (USA). 

1

4 5

2 3
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Second International Oak Society 
Silent Auction

In International Oaks No. 27, one can read (p. 392), “IOS Board Member, current Co-
Editor of Oak News & Notes and ICRA Registrar, Ryan Russell, had an inspirational idea 
to hold a “silent auction” at the 8th International Oak Society Conference in an attempt 
to raise funds to create scholarships intended to facilitate attendance at the next IOS 
Conference, which will be hosted by UC Davis in California in 2018.” 

The proceeds of the First IOS Silent Auction ($2,500) effectively funded five student 
scholarships. The proceeds of this even-more successful one – a little over $2,600, plus a 
generous donation of $1,000 from Judson M. Parsons – will help young oak enthusiasts 
make their way to Taiwan in 2021.

Our thanks to Ryan Russell for this inspirational idea – may it grow and prosper at all 
our future conferences – and to Tammie Russell, Bonnie Jean Berckes, Emily Griswold, 
Zarah Wyly, and Rachel Davis for their help pulling it all together.

International Oaks, No. 30, 2019

The Silent Auction display in the Conference Center lobby with Ryan Russell making a final check, and 
two happy oak trees that have found good homes with Pamela Sanchez, left, and Zarah Wyly, right. 
(Photographers. Top of page: Dan Keiser. Bottom left and right: Zarah Wyly.)
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International Oak Society Sponsors
Elisabeth Dudley
Diana Gardener
Jolly Krautmann
Mark Krautmann

Judson M. Parsons 

International Oak Society Institutional Members
Forrest Keeling Nursery
The Morton Arboretum

International Oak Society Supporting Members
Jody Cologgi
John Fairey

David Garshaw
Dirk Giseburt

Emily Griswold
Joseph Lais

John G. Lipscombe
Herbert Machleder
Michael de Pencier

Diane Pepetone
John Williams

Conversion Table

1 mm = 0.039 in 1 cm = 0.39 in 1 m = 3.28 ft 1 km = 0.621 mi
5 mm = 0.195 in 5 cm = 1.95 in 5 m = 16.4 ft 5 km = 3.1 mi
7 mm = 0.273 in 7 cm = 2.73 in 7 m = 22.9 ft 7 km = 4.34 mi

12 mm = 0.468 in 12 cm = 4.68 in 12 m = 39.4 ft 12 km = 7.45 mi
20 mm = 0.78 in 20 cm = 7.8 in 20 m = 65.6 ft 20 km = 12.42 mi
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A

Abies 
 bornmuelleriana 258
 cephalonica 258
 concolor 408, 414
 grandis 351
 magnifica 414, 417
Acer 250, 411, 423
 circinatum 422
 glabrum 
  var. diffusum 415
  var. glabrum 408
 macrophyllum 155, 157, 158, 374, 411, 422
 negundo 407
 platanoides 250
 rubrum 250
 saccharinum 250
  ‘Wieri’ 255
 saccharum 250
 truncatum 258, 259
Adenostoma fasciculatum 417, 465
Aesculus californica 91, 425, 454
Allium validium 414, 415
Alnus 
 rhombifolia 171, 172, 173, 411
 rubra 423
Amorpha californica var. napensis 26, 28
Angelica lineariloba 415
Aquilegia formosa 423
Arabidopsis thaliana 178, 179, 
Arbutus menziesii 23, 26, 28, 29, 90, 91, 154-157, 350, 
374, 421, 423, 425, 432, 457
Arctostaphylos 155, 157, 158, 351, 408, 464, 467
 glandulosa 351
 hooveri 351 
 manzanita 26, 29
 montaraensis 351
 montereyensis 351
 morroensis 351, 465
 nevadensis 411
 pallida 351
 pilulosa 351
 pumila 351
 rainbowensis 351
 silvicola 351
 virgata 351
 viscida 409, 417
 
Artemesia 
 californica 465
 tridentata 413
  var. vaseyana 416

B

Berberis pinnata subsp. insularis 293
Betula 250
 occidentalis 413

C

Calocedrus decurrens 258, 408, 409, 411, 417
Calycanthus occidentalis 411
Camellia 349, 350
Carya 250
Castanea 
 henryi 373
 sativa 349, 350
Castanopsis 
 acuminatissima 75
 carlesii 373
 chinensis 75
 eyrei 373
 fargesii 373
 fissa 373
 fordii 373
 hystrix 373
 jucunda 373
 rockii 373
 sclerophylla 373
 tibetana 373
Ceanothus 172, 408
 cuneatus 465
 diversifolius 408
 integerrimus 411, 417
 jepsonii var. jepsonii 421
 parvifolius 408
Cedrus 
 atlantica 441
 deodara 441
Ceiba speciosa 467
Celtis 
 australis 258
 bungeana 259
 sinensis 258-260
Cercocarpus ledifolius 413, 415
Chamaebatia foliolosa 408
Chrysolepis 
 chrysophylla 351, 374
 sempervirens 414
Chrysothamnus viscidiflorus 413
Cinnamomum camphora 91
Cornus 
 nuttallii 351, 408
 sericea 411
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E

Ephedra viridis 416
Eucalyptus 467
 deglupta 467

F

Fagus 250,302
 longipetiolata 373
 lucida 373
 hayatae 373
Festuca californica 421
Ficus 407
Forestiera pubescens 413
Frangula 
 californica 90, 465
 rubra 413
Fraxinus 258
 latifolia 407, 463
 velutina ‘Modesto’ 91

G

Ginkgo biloba 91

H

Heteromeles arbutifolia 26, 28, 90, 417

J

Juglans
 californica 463
 regia 463
Juniperus 
 grandis 411, 412
 osteosperma 415

K

Koelreuteria indica 449

L

Lagerstroemia indica 91
Larix kaempferi 349, 350, 351
Liquidambar 
 orientalis 258
 styraciflua 91, 456
Lithocarpus 464
 brevicaudatus 373
 cleistocarpus 373
 coopertus 73
 craibianus 75
 fenestratus 73
 fohaiensis 272
 glaber 373
 grandifolius 373
 havilandii 74
 jacksoniana 74
 macilentus 373
 megalophyllus 373
 proboscideus 76
 xylocarpus 75

Lonicera hispidula 90
Lophostemon confertus 351
Lupinus chamissonis 465

M

Magnolia 455
  grandiflora 91
Malosma laurina 171 
Malus 302
 
N

Nicotiniana sp. 293
Notholithocarpus 458, 464
 densiflorus 6, 16, 156, 157, 240, 283-288, 349,
 350, 351, 353, 354, 374, 383, 423, 457, 464
  var. densiflorus 154-156, 284
  var. echinoides 284, 351

O

Opuntia 416
 fragilis var. frutescens 192
Oxalis oregana 423

P

Pickeringia montana 351
Pinus 250, 411
 albicaulis 413
 attenuata 23, 27, 29, 464
 balfouriana 414, 415
 contorta 414, 416
  var. latifolia 411
 coulteri 413, 464
 echinata 342
 flexilis 414, 415
 jeffreyi 408, 411, 413
 lambertiana 408
 longaeva 412, 415, 416
 monophylla 413, 415, 416
 monticola 411
 ponderosa 408, 409
 sabiniana 432
Pistacia chinensis 91, 258, 259
Platanus 258, 467
 acerifolia 91
 racemosa 90, 91, 171-173, 458
Polystichum munitum 423 
Populus 180, 407, 413
 fremontii 413
 tremuloides 411, 413, 414
 trichocarpa 411, 423 
Prunus 
 ilicifolia 91
 myrtifolia 449
Pseudotsuga menziesii 23, 25, 27-30, 156-158, 351, 411, 
420, 433, 457
 var. menziesii 153-157 
Pyrus calleryana 91

Q
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Quercus
 acerifolia 303, 386
 acrodonta 373
 acherdophylla 274
 acuta 235
 ×acutidens 312
 acutifolia 67, 128, 192, 234, 271, 274
 acutissima 56, 57, 258, 259, 373, 400, 401
 afares 259
 affinis 65, 274
 agrifolia 12, 19, 23, 25, 27-29, 37, 39, 45, 46, 
 50, 51, 56, 85-91, 109, 110, 113, 156-158, 169, 
 171, 172, 174-176, 194, 195, 197, 199-201, 
 204-207, 289-294, 349-351, 379, 393, 399,  
 420, 421, 425, 426, 433, 435, 436, 454, 456- 
 459, 463-465, 467-469
  var. agrifolia 153-155, 193-195, 
  199, 200, 407, 413
   × kelloggii 194
  var. frutescens 192 
  var. oxyadenia 192, 195, 197, 199
   × kelloggii 194
 ajoensis 306, 386
 alba 56, 57-60, 132-136, 212, 329, 342, 343,  
 348, 359
 albocincta 20
 aliena 371, 372
  var. acuteserrata 455
 alnifolia 234, 259
 arbutifolia 18, 217-224
 arcoglandis 194
 ariifolia 274 
 arizonica 57, 228, 259, 363
 arkansana 303, 304, 304, 386
 austrina 57, 386
 baloot 311 
 baolamensis 83
 berberidifolia 56, 90, 397, 421, 425, 433, 456, 
 463
 bicolor 19, 59, 60, 132-136, 139-144, 212
  × macrocarpa 139, 143
 boissieri 161-163, 165-167 
 boyntonii 386 
 brandegeei 56, 317, 319-322, 450, 452
 brantii 146
 buckleyi 56, 216, 226, 259  
 bumeliodes 65, 463
 calliprinos 161-163, 165-167, 459 
 calophylla 128, 271, 274, 452
 canariensis 56, 118, 119, 122, 123, 258, 259, 
 369
 canbyi 234, 259, 459
 candicans 56, 271
 carmenensis 303, 304, 306, 386
 castanea 64, 126, 128, 130, 234, 274, 390, 391
 castaneifolia 56, 423
  × cerris 452
 cedrosensis 241, 303, 306, 386, 455
 cerris 56, 118, 119, 122, 123, 258, 260
 chapmanii 132, 369, 386
 ×chasei 19, 194, 195, 197, 199, 289, 291, 292
 chenii 373, 400, 401

 chrysolepis 16, 37, 39, 41, 44, 46, 56,  57, 64, 
 350, 351, 367, 374, 408, 410, 411, 417, 421, 
 457, 463
 coccifera 56, 118, 119, 122-124, 369, 459
  subsp. calliprinos 56, 161, 162, 459
 coccinea 343
 ‘Coconino’ 363,364
 conzattii 271, 274
 corrugata 274
 cortesii 274, 276
 costaricensis 65 
 crassifolia 56, 65, 128, 234, 274, 452
 crassipes 56, 65, 66,  128, 274
 aff. crenata 452
 crispipilis 67
 cupreata 259
 delgadoana 274
 dentata 371, 372
 depressa 274
 depressipes 303, 307
 deserticola 64, 126, 128, 274
 diversifolia 56
 dolicholepis 259
 douglasii 19, 26-28, 37, 39, 41-44, 46, 50, 51, 
 56, 57, 91, 95, 96, 102, 185-189, 241, 379, 
 407, 408, 409, 417, 418, 421, 425, 426, 432, 
 433, 435, 441, 454, 460, 462, 463
  × garryana 426
  × lobata 426, 458
 dumosa 241, 386, 456
 durata 57, 234, 420, 421, 433, 464
 durifolia 259
 ×dysophylla 234, 270
 eduardi 270, 271 
 ellipsoidalis  × rubra 214, 216
 elliptica 271
 emoryi 234
 engelmannii 12, 37, 39, 41, 42, 56, 57, 241, 
 246, 386, 397, 452, 467, 468
  × castaneifolia 450
 engleriana 373
 × eplingii 426
 fabri 373
 faginea 56, 118, 119, 122, 123, 369
 falcata 258, 259, 349, 350  
 fleuryi 78
 frainetto 255, 256, 258
 frutex 274
 fruticosa 118-120, 122, 123
 furfuracea 271  
 fusiformis 56, 259, 320, 369, 459
 gambelii 55, 56, 132, 225, 228, 229, 231
  × macrocarpa
   ‘Estelle’ 229, 230
   ‘Jack Maze’ 229, 230
   ‘Westward Ho’ 229, 230
   
 × ganderi 194, 195, 197, 198, 
 garryana 367, 374, 421, 425, 426
  var. garryana 21, 26, 27, 37, 39, 41, 
 42, 56, 185-189, 433
  var. breweri 188



477

Index of Scientific Plant Names

International Oaks, No. 30, 2019

  var. semota 188
 gemelliflora 78
 georgiana 259, 303, 386
 germana 234, 274, 450, 452
 gilva 234, 373
 glabrescens 274
 glandulifera 56
 glauca 56, 223, 236, 238, 373
 glaucoides 128, 274
 graciliformis 303, 386
 gracilis 373
 grahamii 271, 274    
 gravesii 20, 56, 259 
 greggii 56, 234, 259, 275, 455
 grisea 56, 228, 231, 259, 271, 275, 455
 ×guadalupensis ‘Crimson Cross’ 361, 362
 guyavifolia 234
 hartwissiana 216
 havardii 228, 303, 304, 305, 386
 helferiana 78
 hemisphaerica 57
 hinckleyi 306, 368, 369, 386, 455
 hintonii 269,270
 hirtifolia 269, 271, 272, 274-276
 hypoleucoides 57, 226, 227, 234, 259
 iberica 56, 
 ilex 56, 95, 118, 122-124, 180, 181, 223, 234, 
 258, 259, 369, 370, 440, 441
 ilex subsp. rotundifolia 6, 56, 119, 123, 277- 
 282
 imbricaria 251, 259
 infectoria 56, 
  subsp. veneris 161, 16
 intricata 369
 inopina 234, 369, 386
 insignis 65, 67, 269, 270, 275, 320
 ithaburensis 6, 16, 56, 145-152, 161-163, 165- 
 167, 459
  subsp. macrolepis 259
 jenseniana 373
 × jolonensis 426, 458 
 kelloggii 6, 19, 20, 23, 26-28, 30, 37, 39, 40, 
 46, 90, 91, 153-157, 159, 193, 194, 196-199, 
 204-207, 289-294, 350, 374, 375, 379, 383, 
 395, 396, 408-411, 413, 414, 417, 421, 425, 
 426, 433, 435, 436, 438, 457, 459
  × agrifolia 292
  × agrifolia × parvula 294
  × parvula var. shrevei 191, 198, 
  426, 427
  × wislizeni 426
  
 laceyi 259, 306, 386
 laeta 275, 455
 lanata 79
 lancifolia 275
 laurina 65, 67, 128, 275
 leucotrichophora 223
 liaotungensis 216, 402, 403
 libani 258
 liebmannii 274, 275
 lobata 12, 33, 37, 39, 41-46, 50, 56, 57, 85-91, 

 94-96, 103, 105, 106, 109-114, 172, 179, 204, 
 241, 379, 386, 392-395, 399, 404, 406, 407, 
 413, 417, 418, 423-425, 427, 432, 435, 436,  
 438, 445, 454, 458, 459, 463
 longinux 236
 look 234
 lowii 78
 lusitanica 118, 223, 369
 lyrata 57, 132-134, 455
 macranthera 216, 258
 macrocalyx 71,  
 macrocarpa 6, 19, 55-57, 59, 60, 95, 131-144, 
 225-229, 231, 361, 458, 459
  ‘Mother Lode’ 361, 362
  × turbinella 450
 macrolepis 146, 452
 magnoliifolia 128, 275
 margarettae 56, 369
 marilandica 212, 258 
 meavei 271, 274, 275
 mexicana 56, 275
 michauxii 57, 58
 microphylla 275
 minima 369
 mohriana 56, 57, 228,
 mongolica 56, 210, 214, 216, 259 
 montana 58, 455
  ×robur 358
 ×morehus 19, 194-196, 198, 289, 290, 293, 
 413, 426
 morii 237
 muehlenbergii 56, 132-136,  228, 248, 459
 myrsinifolia 237, 254, 258, 373
 myrtifolia 369
 nigra 57, 103, 258, 259, 455
 oblongifolia 56, 228, 455
 obtusata 56, 128, 275, 456
 ocoteifolia 67
 oglethorpensis 132, 303, 304, 306, 386, 388, 
 404
 oleoides 56, 65, 275, 452 
 oxyadenia 192, 194, 
 pacifica 241, 293, 386
 palmeri 56, 241, 386, 455, 464
 palustris 57, 95, 212, 250, 398, 399
 parvula 19, 56, 191, 193, 194-199, 203-206, 
 208, 241, 294, 306, 386
  var. parvula 191, 195-197, 200,  
  203-207, 289-293
  var. shrevei 193-201, 203-208, 350,  
  425, 441, 457
   × agrifolia 426
   × wislizeni 196, 198, 
    199 
     × agrifolia 198
   var. tamalpaisensis 191, 
   194-200, 204  
 ×pauciloba ‘Dolores River’ 231, 232, 362, 363
 364
 paxtalensis 275, 276
 peduncularis 67, 128, 275 
 petraea 118-120, 122-124, 334, 367, 369, 376, 
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 377
  × robur 360
 phellos 95, 258, 259, 373
 phillyreoides 56, 234, 257, 259, 373
 pinnativenulosa 271, 275, 276
 polymorpha 57, 234, 275, 456
 pontica 55, 58, 59 
 potosina 271
 prinoides 56, 
 pubescens 118, 119, 122, 123, 369
 pumila 369, 386
 pungens 56, 57, 228, 234, 259, 452
 pyrenaica 118, 119, 122, 123, 369
 repanda 275
 resinosa 271
 robur 56, 57, 103, 118, 119, 122-124, 133, 
 140-143, 334, 335, 335, 367, 369, 376, 377, 
 392  
  × bicolor 139, 143 
  ‘Fennessyi’ 360
  × mongolica 450
  ‘Pectinata’ 360
 robusta 20, 303, 304, 306, 386
 rotundifolia 16, 119, 277-282, 369
 ×rosacea 216
  ‘Aberglasney’ 360
 rubra 60, 133, 210, 212, 249, 250, 349, 350, 
 392, 399, 455 
 rugosa 56, 95, 128, 234, 275, 455, 459
 rysophylla 234, 259
 sadleriana 55, 57, 58, 234, 241, 303, 386
 sagrana 57 
 ‘San Lorenzo’ 230, 231
 salicina 238
 sapotifolia 65, 275
 ×sargentii ‘Thomas’ 358, 359
 sartorii 234, 259, 275
 ×schuettei 139, 141-144
 scytophylla 65, 68, 271
 sebifera 275
 segoviensis 65 
 semecarpifolia 78
 serrata 216
  ‘Theofaan’ 359
  ‘Ishii’ 359
 sessilifolia 234, 373
 shrevei 194
 sideroxyla 65, 275
 similis 306 
 sinuata 56 
 stellata 19, 59, 132-136, 212, 329, 361, 362
  × macrocarpa 361
 stenophylloides 234  
 suber 16, 56, 118, 119, 122-124, 180, 183, 234, 
 295-300, 369, 443, 459
 ×subfalcata 216
 subsericea 78
 subspathulata 271
 tardifolia 303, 306, 386
 texana 373
 thorelii 80 
 tomentella 56, 241, 386, 459, 466

 toumeyi 306, 369, 386, 389, 390
 trinitatis 274, 275, 276
 trojana 56, 64, 258, 259
 trungkhanhensis 84
 turbinella 56, 228, 231, 234, 362, 363, 421
  × gambelii 362
 ×undulata 225, 228, 231
  ‘Mesa de Maya’ 231, 232
  ‘Toll Gate Canyon’ 231
 vacciniifolia 411, 412
 variabilis 36, 56, 210, 216, 258, 371-373
 vaseyana 56
 velutina 216, 326, 343
 virginiana 56, 57, 105, 320, 367
 ×warei 139-144
  ‘Long’ REGAL PRINCE® 252
 wislizeni 19, 37, 39, 40, 91, 95, 96, 191-200, 
 203, 204, 206, 207, 259, 408, 420, 425, 457, 
 464
  var. frutescens 192, 194-196, 200, 
  289, 290, 409, 417
  × kelloggii 194
 ×wootteni 198
 wutaishanica 216
 xalapensis 275
 xylina 271, 275
 yiwuensis 373

R

Ramalina menziesii 425
Rhododendron 349, 350, 455
 columbianum 415
Ribes speciosum 465
Rubus ursinus 90, 351

S

Salix 172, 173, 407, 413
 lasiandra 413
 orestera 413
Sambucus 
 cerulea 411
 mexicana 171
Sassafras albidum 258
Schinus 467
Sequoia sempervirens 12, 91, 351, 420-423, 449
Sequoiadendron giganteum 12, 408-410
Scirpus
 californicus 407
 acutus 407 
Solanum xanti 90
Styrax glabrescens 456

T

Tilia 258
Torreya californica 411
Toxicodendron diversilobum 90, 407, 457, 464
Trichloma matsutake 286
Trigonobalanus
 doichangensis 72, 76
 excelsa 72, 75
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 verticillata 72, 76
Trillium ovatum 351, 423
Tristania conferta 351
Tsuga mertensiana 411

U

Ulmus 212, 214
 americana 250
 ‘Resista’ 255
Umbellularia californica 23, 26, 28, 29, 90, 91, 154-157, 
353, 354, 374, 411, 421, 423

V

Vaccinium ovatum 285, 351
Vinca minor 351
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  MISSION  

To further the study, sustainable management, preservation, appreciation, and 
dissemination of knowledge to the public about oaks (genus Quercus) and their 

ecosystems.

  GOALS  

To advance the state of scientific knowledge regarding oaks and oakland ecology

To locate, preserve and catalog significant oak-related literature

To facilitate the location and distribution of living material for propagation of oaks

To foster communication among members via a journal, newsletter and website, and 
periodic meetings

To promote the study, development, naming, and distribution of superior cultivars 
and cultivar groups for horticultural use, and the study of oaks for the production of 

timber, mast, and other useful products

To sponsor the preservation, display, and interpretation of oak-related traditions, 
art, and lore; and encourage the development and curation of appropriate and useful 
collections of oak-related pieces, such as wood samples, taxonomic specimens, or 

historic oak artifacts

To develop the capability and to serve as a registrar authority for oak cultivars, 
historic and champion oak trees, ancient oak groves, unusual or rare oak specimens, or 

objects of significance involving oaks

To provide information regarding the use, preservation, and appreciation of oaks, and 
successful techniques for oak culture and management

To encourage, recognize and honor outstanding achievements by individuals and 
organizations, members and non-members, in advancing these goals of the International 

Oak Society
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