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ABSTRACT

Non-native diseases of dominant tree species have diminished North American forest biodiversity,
structure, and ecosystem function over the last 150 years. Since the mid-1990s, coastal California
forests have suffered extensive decline of the endemic overstory tree tanoak, Notholithocarpus
densiflorus (Hook. & Arn.) Manos, Cannon & S. H. Oh (Fagaceae), following the emergence of the
exotic pathogen Phythophthora ramorum and the resulting disease sudden oak death. There are two
central challenges to protecting tanoak: 1) the pathogen P. ramorum has multiple pathways of spread
and is thus very difficult to eradicate, and 2) the low economic valuation of tanoak obscures the cultural
and ecological importance of this species. However, both modeling and field studies have shown that
pathogen-centric management and host-centric preventative treatments are effective methods to reduce
rates of spread, local pathogen prevalence, and to increase protection of individual trees. These
management strategies are not mutually exclusive, but we lack precise understanding of the timing and
extent to apply each strategy in order to minimize disease and the subsequent accumulation of fuels.
loss of obligate flora and fauna, or destruction of culturally important stands. Recent work identifying
heritable disease resistance traits, ameliorative treatments that reduce pathogen populations. and
silvicultural treatments that shift stand composition hold promise for increasing the resiliency of
tanoak populations. We suggest distinct strategies for pathogen invaded and uninvaded areas, place
these in the context of local management goals, and suggest a management strategy and associated
research priorities to retain the biodiversity and cultural values associated with tanoak.

Key Words: California Floristic Provence, disease ecology, genetic diversity, pathogen-caused
extinction, pathogen management, Phytophthora ramorum, restoration, tanoak population decline.
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To the detriment of cultural, economic, and
silvicultural interests, North America has experi-
enced multiple declines of dominant tree species
following the introduction and spread of exotic
pathogens, many of which are innocuous mi-
crobes or weak pathogens in their native ranges
(Loo 2009). The quarantine of known pathogens
and other techniques to avoid introduction of
pathogens into novel environments are important
actions to reduce pathogen sprecad on interna-
tional and inter-continental scales (Brasier 2008).
However, the host range, invasion history, and
persistence in the environment of many forest
pathogens suggest these invasive organisms have,
or will become, naturalized in their new ranges.
This challenging natural resource problem de-
mands well-crafted management efforts to avoid
the most extensive or severe impacts of forest
pathogens.

The pathogen Phytophthora ramorum S.
Werres, A.W.A.M. de Cock (Werres et al. 2001)
exemplifies the destructiveness, epidemiological
complexity, and difficulty in managing the most
problematic invasive microorganisms (de Castro
and Bolker 2005; Smith et al. 2006). Phytophthora
ramorum was first introduced into California and
spread into wildlands via infected nursery stock
in Santa Cruz and Marin Counties from a yet
unknown native range (Garbelotto and Hayden
2012; Griinwald et al. 2012). The pathogen
subsequently spread to Big Sur (Monterey
County) and Humboldt County, probably on
infected plants, and has since become established
in central-California coastal forests. Establish-
ment of P. ramorum has been rapid during the
~20 years since its arrival; spread of the pathogen
is acrial with extensive local dispersal (2050 m)
and less frequent but consistent long-distance
events of 1-3 km (Hansen et al. 2008; Meente-
meyer et al. 2008a; Garbelotto and Hayden
2012). Phytophthora ramorum causes the disease
sudden oak death (Rizzo et al. 2002) which has
been responsible for a regional-scale population
decline of tanoak, Notholithocarpus densiflorus
(Hook. & Arn.) Manos, Cannon & S. H. Oh
(Fagaccace); formerly Lithocarpus densiflorus
(Manos et al. 2008), as well as the mortality of
hundreds of thousands of oak trees (Quercus
spp.) from the red oak clade, primarily coast live
oak (Q. agrifolia Née) throughout the invaded
areas of California (Meentemeyer et al 2008b;
Davis et al. 2010; Metz et al. 2012).

Phytophthora ramorum has a broad host range,
with over 140 known native and non-native
plants including many trees, shrubs, forbs,
grasses, and ferns common to the California
floristic province (Grinwald et al. 2012). In
California, sporulation occurs on multiple hosts,
the most important of which is the common
forest tree California bay laurel (Umbellularia
californica, Hook. and Arn.). Sporulation also
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occurs on tanoak twig lesions at levels sufficient
to spread the pathogen as well as cause bole-
lesions which arc the principal infections that lead
to mortality in tanoak and oak. In California
forests, sporulation can be an order of magnitude
greater on bay laurel and peak amounts for both
species occur during warm spring rain cvents
(Davidson et al. 2005, 2008; Mascheretti et al.
2008). In California, both tanoak and bay laurel
are central to pathogen spread within stands and
across landscapes although risk of pathogen
establishment and spread rates are more strongly
affected by bay laurel density (Meentemeyer et al.
2008a; Davidson et al. 2011). Host impacts arc
strikingly different across species: P. ramorum
infection often leads to tanoak mortality, but has
no known deleterious impacts on bay laurel at
either the individual or the population level
(DiLeo et al. 2009; Cobb et al. 2010). In
California, the stand-level densities of tanoak
and bay laurel greatly influence tanoak mortality
rate and population decline (Cobb et al. 2012b).
Pathogen dynamics are somewhat different in
Oregon forests where sporulation occurs ycar-
round and bay laurel does not play a significant
role in spread at the landscape scale (Hansen et al.
2008). However, in both Oregon and California
forests, tanoak population decline is expected
across much of its endemic range (Fig. I;
Meentemeyer et al. 2004; Vaclavik et al. 2010;
Lamsal et al. 2011; Meentemeyer et al. 2011;
Dillon et al. this volume).

Independent studies using repeated measure-
ments of individual tanoak show that mortality
rate of infected trees increases with size (McPher-
son et al. 2010; Cobb et al. 2012b). Although the
mechanism for this increase is not known, the
pathogen’s sclective removal of large tanoak
leads to rapid, stand-level loss of tanoak biomass
in P. ranmorum invaded stands (Ramage et al.
2011; Cobb et al. 2012b; Metz et al. 2012). Basic
biodiversity information such as acorn produc-
tion rates, knowledge of species obligate to
tanoak, and other ecological functions provi-
sioned by mature tanoak trees have not been
reported in the peer-reviewed literature. Howev-
er, ecological functions of individual trees often
increase with tree biomass, which scales expo-
nentially with tree size (Lamsal et al. 2011; Cobb
et al. 2012a). Selective removal of large trees is
likely to accelerate loss of ecosystem characteris-
tics directly associated with tanoak, such as
ectomycorrhizal associations or provisioning of
habitat for other native flora and fauna which
rely on or are obligate to tanoak (Rizzo et al.
2005; Bergemann and Garbelotto 2006; Cobb
et al. 2012b; Wright and Dodd this volume).

The distribution of tanoak varies across the
landscapes of the California floristic province
(Fig. 1), increasing in prevalence with latitude up
to the northern range limit of the species in
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F1G. 1.
imate extent of P. ramormn invasion and tanoak
distribution. Phytophthora ramorum points are con-
firmed infected trees; the map was generated with
publically available data accessed in January 25, 2013
from oakmapper.org and suddenoakdeath.org.

southwestern Oregon. Several notable disjunct
populations are located in the northern Sierra
Nevada foothills and in small, isolated popula-
tions in Santa Barbara County, CA (Fig. 1;
Lamsal et al. 2011; Meentemeyer et al. 2011;
Dillon et al. this volume). While P. ramorum
establishment and disease emergence have been
extensive in central coastal California, P. ra-
morum has not yet invaded the majority of the
tanoak range (Meentemeyer et al. 2011). How-
ever, the pathogen is expected to invade culturally
important, highly susceptible North Coast forests
over the next several decades reflecting the
opportunity and importance of planning and
employing a proactive strategy to reduce disease
impacts.

Phytophthora ramorum populations in newly
invaded areas are often below thresholds where
the pathogen can be detected using landscape-
scale surveys. These cryptic invasions play an
important role in landscape-level spread, and
represent a critical challenge to eradication
attempts and other pathogen-centric disease
management strategies (Filipe et al. 2012). For
many invasive pathogens, rapid responses that

The California floristic province with approx--
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match the scale of the outbreak increase the
likelihood of successful eradication or the efficacy
of slowing pathogen spread (Gilligan and van den
Bosch 2008; Filipe et al. 2012). This requires
rigorous study to identify effective management
actions and minimize unintended impacts that are
counter to the overall goal. Our intent here is not
to review individual management techniques and
their efficacy, rather we seek to bring together
different management actions and place them
in the context of local disease conditions and
management goals. We begin by highlighting
several historical and contemporary mistakes in
forest disease management and emphasize the
importance of incorporating historical lessons
into sudden oak death management. We suggest
how judicious use of established techniques can
alter disease conditions and increase tanoak
population resiliency across different forest types
and community assemblages. We use the term
‘resiliency’ to mean retention of tanoak and the
ecological functions provisioned by this tree and
recognize that specific management objectives
will vary among ownerships, agencies and
situations. Part of our goal is to aid in the
selection of when, where, and how to increase
tanoak resiliency with existing management
actions. We stress that management resources,
land-owner cooperation, and chemical treatments
will often be insufficient to control pathogen
spread and disease emergence. Rather, when
management actions aim to retain tanoak as a
component of forest structure and composition,
we advocate for integration of host-centric
actions into management strategies. These strat-
egies rely on increasing tanoak resiliency through
stand manipulation to reduce sporulation, in-
creasing distance among tanoak to reduce the
probability of transmission, and identification of
resistance in tanoak populations. Lastly, we stress
that continuous feedback among sudden oak
death research, management, and pathogen
monitoring is neceded to maintain tanoak as a
component of biodiversity in many forests and to
reduce the spread of P. ramorum.

LEARNING FROM FAILURE

The consequences of invasion of Cryphonectria
parasitica (Murrill) Barr and the resulting disease,
chestnut blight, is a notorious example of disease
causing North American overstory tree loss
(Anagnostakis 1987). Experience with chestnut
blight can inform present-day challenges posed
by exotic pathogens, especially P. ramorum.
Cryphonectria parasitica is a generalist pathogen,
selectively removes American chestnut (Castanea
dentata Marsh.) from forest stands, and readily
disperses across local and regional scales (Loo
2009). Within 30 years of introduction by the
pathogen, these characteristics caused a widespread
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decline of American chestnut and loss of the
considerable ecological, cultural, and economic
value that was associated with this species (Ana-
gnostakis 1987; Freinkel 2007). The rate and extent
of chestnut decline was unprecedented when the
disease emerged circa 1900, and remains as one of
the most infamous diseases in North American
forest history because of the significant economic
and cultural impacts caused by the epidemic
(Freinkel 2007).

Chestnut blight is also notable as a case of
failed management that stemmed from decisions
with incomplete knowledge of pathogen biology
and host relationships. For example, the state
of Pennsylvania initiated an ambitious plan to
remove infected chestnut trees and create a
barrier zone with the intention of restricting
pathogen spread into the western portion of the
state (Freinkel 2007). However, understanding of
C. parasitica transmission pathways, estimates of
pathogen spread rate, and the capacity to detect
cryptic infection were all inadequate and patho-
gen spread was unabated. A consequence of
dedicated and extensive chestnut cutting was, at a
minimum, an acceleration of chestnut removal
from the overstory of these forests, an action that
may have even expedited pathogen spread
(Freinkel 2007). Today, American chestnut re-
mains common in eastern forests as an understo-
ry shrub, but overstory trees and their associated
ecological functions such as provisioning of large,
nutritious, low-tannin nuts, have been lost from
most of the species’ former range (Paillet 2002). A
full accounting of changes to native flora and
fauna is hampered by the lack of natural history
investigations of species associated with the tree
prior to the epidemic. Although other species
replaced American chestnut in the overstory, loss
of chestnut probably impacted small mammal
and invertebrate populations and may have
resulted in the extinction of several insects
obligate to this overstory tree (Orwig 2002;
Ellison et al. 2005).

Regrettably, chestnut blight is not the sole
example of misdirected or ineffective manage-
ment actions. Eastern hemlock (Tsuga canadensis
L.) forests are in decline across its native range
from Georgia to southern Vermont and New
Hampshire due to the invasion and subsequent
regional-scale outbreak of hemlock woolly adel-
gid (Adelges tsugae Annand), an exotic insect pest
(Fitzpatrick et al. 2012; Orwig et al. 2012).
Eastern hemlock decline has been accelerated in
southern New England by pre-emptive hemlock
harvesting, regardless of stand invasion status
(Orwig et al. 2002). From a conservation
perspective, indiscriminant host tree removal will
accelerate population declines of trees threatened
by insect or disease outbreak as well as degrade
the genetic diversity of remaining populations
(Foster and Orwig 2006; Broadhurst et al. 2008).
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Natural resource management relies on adap-
tive management to address imprecise knowledge
and to avoid the field’s own version of “‘the twin
traps of overtreatment and therapeutic nihilism”
(e.g., the Hippocratic Oath, Edelstein 1943). The
backbone of this approach is feedback among
researchers, managers, and policy makers who
together establish experimental treatments, quan-
tify their efficacy, and direct resources. An
analogous framework was not in place to address
either chestnut blight or much of the manage-
ment response to the decline of eastern hemlock
populations. In the case of sudden oak death, an
adaptive management approach is more likely to
identify treatments which judiciously use limited
management resources (Filipe et al. 2012) and
avoid loss of genetic diversity (Hayden et al.
2011; Kjer et al. 2012) in comparison to reactive
actions such as the attempt to construct a barrier
to arrest the spread of chestnut blight (Freinkel
2007). The benefits of this approach are already
very clear; one of the most important initial
breakthroughs regarding sudden oak death was
the discovery that P. ramorum was the cause of
widespread oak and tanoak mortality (Rizzo
et al. 2002) which laid to rest spurious hypotheses
that the mortality was caused by insects or native
pathogens. Adaptive management further relies
on clear articulation of management objectives
while also recognizing the need to evaluate
treatments to achieve these objectives. The extent
of the P. ramorwm invasion suggests management
goals must be comprehensive enough to match
the magnitude of the disease and recognize
technical and practical limitations in order to
identify where, when, and in what combination
available techniques will be most effective in
slowing pathogen spread and maintaining the
cultural and ecological value of tanoak.

TANOAK MORTALITY: PATTERNS AND IMPACTS

Tanoak has low timber value and the economic
value is further lowered because of competition
with commercial timber species, i.e., Douglas fir,
Pseudotsuga mencziesii (Mirb.) Franco (Harring-
ton and Tappeinier 2009). Before the 1950s,
tanoak-bark extracted tannins were important
to California’s leather industry, but the advent
of synthetic tanning compounds has shifted the
economic perspective on this tree (Alexander and
Lee 2010; Bowcutt 2011). Prior to the emergence
of sudden oak death, most recent research
involving tanoak focused on quantifying and
reducing competition with coniferous species
central to commercial timber production often
through the use of herbicides (Harrington and
Tappeiner 2009; Bowecutt 2011). Little basic
research has been conducted on tanoak and the
measurement of growth characteristics, their
relationship with disease resistance, and descrip-
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tion of flora and fauna obligate to or associated
with tanoak have only recently been undertaken
(Bergemann and Garbelotto 2006; Cobb et al.
2012b; Wright and Dodd this volume). Although
the risk of pathogen-driven, regional-scale re-
moval of tanoak from the forest overstory is
becoming increasingly clear, we face a critical
lack of understanding as to what and how many
species may be threatened by the widespread
mortality of this common tree.

Even though P. ramorum has not yet invaded
most of the tanoak range (Meentemeyer et al.
2011), the pathogen has significantly impacted
tanoak from the Big Sur region (Monterey
County, CA) north to Sonoma County, CA. In
these regions, sudden oak death has caused
widespread loss of overstory tanoak trees,
significant shifts in overall forest composition,
and outright extirpation of tanoak from some
stands (Meentemeyer et al. 2008b; Ramage et al.
2011; Cobb et al. 2012b; Metz et al. 2012). These
forests occur across topographically, environ-
mentally, and biologically diverse landscapes
where several different conifer and broad-leafed
trees are likely to experience increases in density,
biomass, and dominance as a result of the decline
of tanoak populations. Metz et al. (2012) and
Cobb et al. (2010) examined sudden oak death-
impacted California stands ranging from rela-
tively dry, mixed-evergreen forests to relatively
cool and moist redwood-dominated forests; in
both studies, tanoak mortality was associated
with increased dominance of bay laurel. Given
that P. ramorum establishment and disease
emergence is associated with bay laurel abun-
dance (Maloney et al. 2005; Meentemeyer et al.
2008a; Cobb et al. 2010), bay laurel is often
situated to benefit from tanoak population
decline. This shift in species composition has
the additional impact of improving habitat for
P. ramorum, suggesting that the pathogen will
persist even if tanoak becomes locally extinct
(Cobb et al. 2012b).

Additional shifts in species composition due to
sudden oak death are also likely in North Coast
forests from Mendocino County to Curry Coun-
ty, OR. While the current distribution and
prevalence of P. rarnorum in the North Coast is
lower compared to the central coast where the
pathogen was initially introduced (Fig. 1), path-
ogen invasion and associated tanoak mortality
have mobilized management actions by state,
private, and federal land managers (Rizzo et al.
2005; Valachovic et al. 2008; Goheen et al. 2009).
In North Coast forests, Douglas-fir and redwood
(Sequoia sempervirens [Lamb. ex D. Don] Endl.)
have greater importance in terms of density,
biomass, and basis in local economies; these
characteristics are likely to favor an increase in
dominance by these species in areas following
tanoak mortality. Notably, forests in Del Norte
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County, CA and Curry County, OR are notable
for their lower abundance of bay laurel especially
compared to forests in the central coast, espe-
cially Big Sur (Monterey County) and Sonoma
County (Lamsal et al. 2011). Phytophthora
ramorum 1is likely to invade and cause disease
even when tanoak is the sole sporulation-
supporting species (Rizzo et al. 2005; Goheen
et al. 2009; Meentemeyer et al. 2011) although
mortality rates are likely to eventually slow
because of a negative feedback on pathogen
populations when hosts die (Cobb et al. 2012b).
Additionally, pathogen-killed trees or cut tanoak
often develop prolific basal sprouts (Harrington
and Tappeiner 2009; Cobb et al. 2010; Ramage et
al. 2011), which may be sufficient to perpetuate
pathogen populations and maintain spread in
stands that do not include bay laurel (Cobb et al.
2012b).

Sudden oak death also has far-reaching eco-
nomic, cultural, and ecological impacts. Spread
of P. ramorum via ornamental nursery plants was
responsible for the initial introduction to Cali-
fornia and continues to play a role in spread
within the United States and internationally
(Garbelotto and Hayden 2012; Griinwald et al.
2012). Regulation of nursery stock, a costly but
necessary management action, has been initiated
to address this pathway of pathogen spread (see
also Alexander and Lee 2010). For individual
property owners, the loss of oak and tanoak
directly impacts property values (Kovacs et al.
2011), and increased disease-caused fuel loadings
at wildland-urban interfaces could augment the
risk of property loss during wildfire (Metz et al.
2011; Valachovic et al. 2011). Similarly to
American chestnut, tanoak has historically been
an important component of human nutrition and
local culture; tanoak resources retain significant
cultural importance to many Native American
communities in California (Bowcutt 2011). From
a functional ecology perspective, tanoak is the
sole ectomycorrhizal host in many forests (Rizzo
et al. 2005) and supports ectomycorrhizal diver-
sity on par with Quercus species (Bergemann and
Garbelotto 2006). Tanoak-wildlife associations
are poorly described, but the large nutritious
acorns are likely used by many species and a
recently described insect pollination pathway
suggests yet undocumented insect communities
and ecological interactions that may be impacted
by the loss of tanoak (Wright and Dodd this
volume).

DISEASE TREATMENTS: MODELS
AND EXPERIMENTS

A central problem of managing emergent
pathogens is that the available biological or
epidemiological understanding is usually insuffi-
cient to control disease at the earliest stages of






























