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ABSTRACT
The American oak clade provides an important system in which to test theory about the
role of diversification and ecological filtering processes in community assembly at continental
scale. Together with a number of long-standing collaborators1, we investigated the nature of
functional trait evolution, environmental filtering and community assembly for the American
oaks. We found evidence for inertia in the evolution of freezing tolerance, despite strong
associations between freezing tolerances and climatic distribution, indicating that species are
sorting across climatic gradients with a strong influence of ancestry, only slowly adapting to
novel conditions. In contrast, plant water use and hydraulic traits are highly labile across the
phylogeny, consistent with adaptive radiation into diverse hydrologic niches. Phylogenetic
patterns of community composition are consistent with conserved climatic niches with in-situ
divergence into contrasting local habitats.

1. B. Fallon, A. González-Rodríguez, A.L. Hipp, F. Hoerner, M. Kaproth, P.S. Manos, J. Meireles, J. McVay, and I.
Pearse.
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Introduction
I have spent a large fraction of the last 20 years, along with my colleagues, collaborators
and students, researching the physiological ecology, community ecology, ecological
distribution, and evolutionary aspects of oaks in the US, Mexico, Central America and
even Southern Europe. These efforts have been driven first by a scientific passion to
understand the nature and origins of this diverse group of woody species. But they also
stem from an intuitive understanding of their importance, and by an aesthetic sense of
well-being through the process of observing, collecting, growing, nurturing, measuring,
and interacting with these trees. Foremost for me has been the thrill of gaining new
scientific insights from close examination of a group of plants from many angles. By
studying what I consider a model system for ecology and evolution, insights are revealed
from the oaks that are relevant to the study of ecology and evolution of biological
organisms, generally. In this essay, I consider the benefits of oaks to humanity, focusing
primarily on US forests and to a lesser extent Mexican and Central American forests, and
discuss briefly how the biogeographic and ecological history of the group in the Americas
led to the ecosystem-service importance of oaks today. The data presented is largely from
a publically available database from the US Forest Service. In some sense, this essay
justifies the efforts and time spent by all of us in the International Oak Society and is a
response to repeated calls from my colleagues to present this data formally. However, it
is also more than that. Occasionally stepping back to examine the importance of what we
are doing helps to focus attention on the critical next steps in our path. My goal is to bring
to the foreground the importance of the ecosystem services oaks render to humans and
our life support systems, to provide perspective on all of our efforts to better understand
oaks from many viewpoints and scales.

Oaks: the most abundant and diverse woody group in the US and Mexico
Naturalists, foresters, biologists and nature enthusiasts have long recognized that
North American forests are dominated by oaks. Nixon (1997) called Quercus “the most
important woody genus in the Northern Hemisphere.” Oak specialists have documented the
importance of oaks at high elevations in Central America (Kappelle 2006), the prevalence
of oaks in the highlands of Mexico (Nixon 1993; Valencia 2004; Rodríguez-Correa et
al. 2015), and the abundance and resilience of oaks in North America (Whittaker and
Niering 1975; Abrams 1990, 1992). Forest inventory data from both the US and Mexico
reveals that oaks have the highest biomass and species diversity of all woody genera
in those two countries (Fig. 1). Pinus (pines) are second in both countries. In the US,
Acer (maples), Carya (hickories) and Juniperus (junipers) follow in diversity; maples,
Pseudotsuga (Douglas fir), and Abies (fir) follow in biomass. In Mexico, Bursera, Ficus
(figs), and Lonchocarpus follow in diversity, and Bursera, Lysiloma, and Manilkara
follow in biomass.

Oaks and the ecosystem services they provide
Oaks provide critical ecosystem services that contribute to human well-being.
Ecosystem services are those aspects of nature that are fundamental to the welfare of
people by provisioning consumable goods (food, shelter), regulating the environment,
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Figure 1/ The top five genera in species richness and highest proportion of total woody biomass in forests
of the US and Mexico based on sampled plots. Data are from the complete USFS Forest Inventory
Analysis (FIA) and subsampling of the CONAFOR Mexican forest inventory. Data were provided in
2006 from Patrick Miles of the US Department of Agriculture, Forest Service, Northern Research
Station. Biomass is calculated from estimated tree volume and wood specific gravity.

or enhancing human culture and aesthetics. Provisioning services of oaks are well
recognized. William Bryant Logan (2006) described the role that oaks have played in
developing civilization throughout the ages. Oak trees have provisioned humans with
goods and services for millennia from the ink for writing that comes from tannins in
the bark, and ship construction that allowed ocean travel, to wagons, barrels, homes,
and acorns as food sources. While the emphasis of this popular book was on associating
European cultural heritage with oaks, he brought to popular attention that humans,
including Native Americans, have long used acorns as food sources. Buried bags of
acorns leaching in running water sources off the coast of California have frequently been
discovered, revealing the prevalence of acorns as food sources for humans. Historically,
live oak forests (Quercus virginiana Mill.) in the Southeast were maintained by the
US Navy to construct the skeletons of US naval ships, including the USS Constitution
(Martin 1997). White oak (Q. alba L.) was used to build the hull. In North America,
along with other tree species, they provide wood products that allow humans to construct
houses, furniture, floors, make paper, and much more.
In addition to provisioning humans, oaks also provision wildlife with their copious acorn
production, they provide habitat for birds, and feed squirrels and numerous insects that in
turn provide food for wildlife. Their associations with ectomycorrhizal and saprophytic
fungi provide carbon sources for edible fungi, including chanterelles (Cantharellus
cibarius), many kinds of boletes including Boletus edulis, truffles (genus Tuber) and
edible polypores like hen-of-the-woods (Grifola frondosa); all mushrooms appreciated
by humans and wildlife alike. These fungal associations promote decomposition and
nutrient cycling. These important regulating services are perhaps less well recognized
than their provisioning services.
As a consequence of their high abundance and biomass in the Northern Hemisphere,
oaks sequester carbon on the Earth’s surface, contributing significantly to climate
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Photo 1/ Coastal oaks provide protection against storms, erosion and damage from inundation. Even
hurricane Katrina did not get the better of these Quercus virginiana trees in New Orleans.

regulation. The US Forest service estimates that oaks sequester more carbon than any
other woody group in the continental US, with an estimated live carbon mass of 2.98
billion metric tons (data provided by Chris Woodall, US Department of Agriculture,
Forest Service, Northern Research Station) based on forest inventories in rural forests,
that can be assigned an annual value of nearly $13 billion, using an internationally agreed
upon carbon annual value and discount rate (Kossoy et al. 2015). A formal presentation
of these calculations for all US trees is forthcoming.
Beyond climate regulation, leaves of trees absorb atmospheric pollutants, as a function
of their leaf area, particularly when they are in proximity to pollution sources (Nowak et
al. 2013). Given the high abundance of oaks, and their prevalence in urban areas, oaks are
thus an important air pollution removal agent in the United States. Coastal protection and
persistence after fire are other important regulating services that oaks provide. Coastal
oaks, including the coast live oaks (Quercus subsection Virentes) that have denser wood
than any other forest species in North America (Miles and Smith 2009), can withstand
hurricane force winds, saltwater encrosion, and inundation (Photo 1). As a consequence,
they provide barriers to coastal erosion, protecting valuable coastal lands (Arkema et
al. 2013). The capacity of many oak species to withstand fire or resprout (Myers 1990;
Abrams 1992; Cavender-Bares et al. 2004b) from above or belowground tissue after fire
is responsible for the once widespread oak savanna biomes of the US Midwest (Peterson
and Reich 2008), that until recently occupied nearly a third of the continental US (Packard
and Mutel 1997). The mosaic of forest trees and prairie provided a diversity of vegetation
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and food sources for wildlife as well
as prime habitat for humans. Many
anthropologists have concluded
that Native Americans used fire to
manage landscapes for their benefit
(Mann 2005). The fire tolerance and
regeneration capacity of the oaks
promoted their persistence in the
landscape under fire-prone and firemanaged regions, and were likely
intentionally promoted by humans
living in those systems.
Much has been written about the Photo 2/ The Angel Oak, a live oak tree (Quercus
cultural and aesthetic properties of virginiana) of noted cultural value.
oaks (e.g., Bryant, 2006; Sternberg,
this volume, pp. 207-216). These
attributes cannot be overlooked,
even though they are difficult to
assign a monetary value to. The
legal protection of live oaks in the
Southeastern US is a testament
to their cultural and historical
significance (Spector and Putz 2006).
The Angel Oak on John’s Island in
South Carolina stands as its own
park (Photo 2). Local residents have
fought to maintain it in the face of
development pressure (P. Lanphear,
personal communication), revealing
its cultural importance.
Ansel Adams captured the grace
and grandeur of oaks in his Oak Tree
photos from Yosemite National Park
in the 1940s, which provide some
measure of the aesthetic value of Figure 2/ Overlapping distributions of (top) Red Oaks,
oak trees to humans. Aldo Leopold Quercus section Lobatae, and (bottom) White Oaks,
in a Sand County Almanac revealed Quercus section Quercus, in the United States reflecting
appreciation for the longevity of the their evolutionary history and community assembly. This
distribution influences the extent of the ecosystem services
oak in his February sketch “Good they provide today. Units are in average kilograms per
Oak” in which he uses the felling of 4,000 m2 plot per pixel. Each point is a 12.5% of a 1 degree
an oak tree to narrate eight decades latitude-longitude pixel.
of environmental history. The confluence of interests represented within the International
Oak Society, comprising people from a range of professions and perspectives, including
arboriculturists, artists, historians, scientists, amateur botanists and enthusiasts, itself
provides evidence of the cultural significance of oaks. Many of these members have
dedicated their lives in one form or another to the study, preservation, and propagation
of oaks.
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Photo 3/ The capacity of many oak species to withstand fire or resprout from above or belowground
tissue after fire is responsible for the once widespread oak savanna biomes of the US Midwest.
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Figure 3/ Pie chart showing the proportion of oak biomass by species in US forests. Four species,
Quercus alba, Q. rubra, Q. montana and Q. velutina, comprise over half of the oak biomass in US forests,
and these are all northern species. Two are White Oaks (W, Quercus section Quercus) and two are
Red Oaks (R, Quercus section Lobatae). Southern species in both the Red and White Oak sections are
more numerous than their northern counterparts but they have smaller ranges and lower biomass.
Considering their entire ranges, both lineages comprise in total a similar number of species with similar
biomass production, although live oaks (L, Quercus subsection Virentes) and Golden-Cup Oaks (G,
Quercus section Protobalanus) are only present at southern latitudes.

I will end this section by arguing that oaks are an important model system to science
for studying ecology and evolution (Petit et al. 2013) at many scales. Scientifically, oaks
provide a model clade for the study of population history (Petit et al. 1993), evolution
(Oh and Manos 2008)L, adaptive radiation (Hipp et al. 2014), gene transfer (Gailing
and Curtu 2014), hybridization and introgression (Craft et al. 2002; González-Rodríguez
et al. 2004; Curtu et al. 2007; Eaton et al. 2015), recruitment (Abrams 1996; Callaway
and Davis 1998), seed ecology and dispersal (Koenig 1999; Steele et al. 2001), pollen
dispersal (Sork et al. 2002), genome evolution (Petit et al. 2013), ecophysiology
(Kaproth and Cavender-Bares, this issue, pp. 49-60) (Ramírez-Valiente et al. 2015),
plasticity (Valladares et al. 2002), plant-insect interactions (Hayward and Stone 2005;
Pearse and Hipp 2009), remote sensing (Cavender-Bares et al. 2016), and ecosystem
processes (Kissing and Powers 2010). Given their abundance, they provide a scalable
system that can be studied from individual leaves to whole ecosystems (Klemens et al.
2011), and from individual populations to a globally distributed lineage on five continents
representing many tens of million years of speciation (Manos and Stanford 2001).
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Figure 4/ (a) A classic latitudinal gradient in diversity of the oaks is shown in the plotted map of 1 degree
latitude and longitude grid cells color coded by species richness (SR) of oaks in the continental US. (b)
Oak species shown by the latitude of their range center in relationship to the density of biomass per plot
from the US Forest Service inventory data. Northern species have higher abundance per unit area, while
southern species have lower abundance per area.
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Oaks are abundant because of their history
The abundance of oaks in North America is a major factor in the ecosystem services
they render. Do we know why oaks are so abundant? Very likely, the high abundance of the
genus is a consequence of the rapid expansion and adaptive radiation of the group in the
Americas. As the earth cooled rather dramatically some 35 million years ago, following a
longer-term cooling and drying trend (Zachos et al. 2001), tropical taxa in North America
began to go locally extinct (Daghlian and Crepet 1983; Crepet 1989; Crepet and Nixon
1989; Graham 1999a, 1999b). As tropical taxa died off, ecological opportunities were
available in the newly created Temperate Zone for expansion, speciation, and adaptive
radiation of the oaks, which may have been pre-adapted to cooler and drier climates.
Interestingly, both the Red and White Oak groups radiated and expanded their ranges with
nearly equal diversity and extent, in a pattern that implicates parallel adaptive radiation
as a likely process. These patterns have been noted previously (Mohler 1990; CavenderBares et al. 2004a). The highly similar distributions of Red and White Oaks in the US can
be visualized in FIA data from the US Forest Service in Figs. 2 and 3. It is likely that the
ecological coexistence of Red Oaks and White Oaks has led to a higher density of both
because the two clades are resistant to different diseases and have different predators
(Mohler 1990; Cavender-Bares et al. 2004a). An important consequence of this parallel
adaptive radiation is a higher total oak diversity and abundance than would otherwise
have been expected.
Oaks are distributed following a classical latitudinal gradient in diversity (Fig. 4a).
They have much higher biomass per species in northern climates than in southern
climates but many more species at southern latitudes, and these patterns are consistent
for both Red and White Oaks (Fig. 4b). Oaks thus appear to have colonized North
America following expected ecological patterns, with higher speciation and coexistence
at southern latitudes (Wiens and Donoghue 2004) and larger ranges at higher
latitudes (Chuine and Beaubien 2002; Morin et al. 2008), consistent with the hypothesis
that lower climate stability selects for large range sizes (Morueta-Holme et al. 2013).
However, the coexistence of Red and White Oaks at large spatial scales indicates
parallel radiation of these groups and ecological coexistence mechanisms (CavenderBares et al. 2004). Oaks are able to persist at high diversity because they have radiated into
a diversity of ecological habitats, as a consequence of life history trade-offs and variation
in life history strategies (Cavender-Bares et al. 2004; Kaproth and Cavender-Bares, this
issue, pp. 49-60). These strategies include repeated variation in form and function (Tucker
1974) related to their habitats across fire gradients (Myers 1990; Jackson et al. 1999;
Cavender-Bares et al. 2004b; Cavender-Bares and Reich 2012), precipitation gradients
(Bahari et al. 1985); Kaproth and Cavender-Bares, this issue, pp. 49-60), temperature
gradients (Koehler et al. 2012), and successional gradients (Monk 1968). This ecological
diversity helps explain why oaks have been so successful in occupying North America.
It is likely that the evolutionary history of the oaks is critical in understanding how
community assembly processes occurred and in explaining current ecological distributions
and patterns. These, in turn, drive the ecosystem services we benefit from today. We can
thus appreciate the deep biogeographic history for providing the ecological framework of
the oaks that today help regulate our climate, our health, offer us myriad cultural benefits,
support wildlife we care about, and provision us with important goods and services.
Given the importance of oaks for regulating our climate, maintaining our life support
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systems and contributing to human well being in myriad ways, conservation of oaks is
critical. The efforts of Westwood (see pp. 277-289, this issue), The Morton Arboretum
and collaborators around the globe to rigorously document, conserve, and help rescue
endangered oak species is of critical importance. Saving the diversity of this important
group provides evolutionary and ecological restoration potential for the future.
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Photo 4/ Quercus rubra

48

International Oaks, No. 27, 2016

