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Summary

1. Plant pathogens can have major impacts on diverse taxa and ecological systems world-wide, and
some of the most conspicuous of these are invasive non-native species. Although many factors are
known to influence the distribution and abundance of plant pathogens, the extent to which humans
play a role is less well-known but still critical for understanding the dynamics of invasive pathogens
in natural systems.

2. One invasive pathogen of great concern world-wide is Phytophthora ramorum, which causes
Sudden Oak Death, an emerging forest disease. Here, we examined the influence of humans and a
range of environmental factors on the distribution of P. ramorum at three distinct spatial scales in
northern and central California.

3. At thelocal scale, P ramorum more commonly occurred in soil on hiking trails used heavily by
humans than in soil from adjacent areas off trails. These results support the hypothesis that humans
dispersed the pathogen within already infected areas and into areas lacking local sources of inoculum.
4. At the landscape scale, using a network of 202 randomly located plots across a 275 km? area, we
found that forests on public land open to recreation exhibited higher prevalence of disease in a
critical infectious host tree (bay laurel, Umbellularia californica), than forests on private lands.
Infection levels were also higher in plots surrounded by large amounts of forest with warm climatic
conditions and greater potential soil moisture. Although prevalence of diseased canker hosts
(Quercus agrifolia, Q. kelloggii and Lithocarpus densiflora) was positively associated with dominance
of bay laurel and rainy season temperatures, it was not significantly related to public access, and we
hypothesize that this occurred because our study area was in the early stages of infection.

5. At the regional scale, the probability of disease occurrence at 165 sites distributed across the
geographic range of P. ramorum in California increased significantly as human population density
increased in the surrounding area. Chances of infection also increased significantly with pre-
cipitation and presence of bay laurel.

6. Synthesis. Our results suggest that human activity — along with temperature, moisture and host
composition —is associated with increased prevalence of an influential exotic forest pathogen. These
results indicate that there may be conflicts between humans and disease, and that efforts to address
this issue may require aggressive management of human activity.

Key-words: disease incidence, exotic forest pathogen, foliar and canker hosts, human activity,
Phytophthora ramorum, Sudden Oak Death

Introduction

Pathogens are increasingly recognized to have large impacts
on a wide range of species and ecological systems throughout
the world. Either individually or in association with other
factors, such as climate change, pathogens have been implicated
in the decline, extirpation or global extinction of both terrestrial
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and marine species (Daszak et al. 2000; Harvell ez al. 2002;
Smith et al. 2005), and their effects can scale up to the
community level (Dobson & Crawley 1994). Plant pathogens
can have particularly dramatic effects on their host species
and associated ecosystems, and in many cases the most
destructive of these organisms are both non-native and highly
invasive (Gilbert 2002; Anderson et al. 2004; Rizzo 2005;
Burdon et al. 2006). For example, the chestnut blight fungus
(Cryphonectria parasitica) was accidentally introduced into
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the United States from Asia via the nursery trade and rapidly
decimated populations of the once dominant American
chestnut (Castanea dentata) in eastern forests (Anagnostakis
1987). Another incident occurred in Western Australia, where
the accidentally introduced root-feeding fungus Phytophthora
cinnamomi caused massive dieback of Jarrah (Eucalyptus
marginata) and substantially altered the structure and
composition of these forests (Newhook & Podger 1972; Weste
& Marks 1987).

Many factors influence the distribution and abundance
of plant pathogens throughout their native and introduced
ranges. Abiotic factors, such as temperature and moisture
levels, have been shown repeatedly to be important drivers of
disease establishment and spread (Burdon 1987; Davidson
et al. 2005; Woods et al. 2005). Other work has demonstrated
the importance of considering the abundance and spatial
configuration of host and non-host vegetation in plant
epidemiological studies (Burdon 1987; Burdon et al. 1995;
Thrall et al. 2003; Condeso & Meentemeyer 2007). However,
the extent to which humans influence the prevalence of plant
pathogens — either by creating new transmission pathways for
disease spread (e.g. Hansen et al. 2000; Jules et al. 2002) and/
or by modifying habitat conditions that in turn affect pathogen
performance (e.g. Meentemeyer et al. 2008a) — is less well-
understood (Holdenrieder et al. 2004). In either case, given
the continued and expanding growth, mobility and impact of
human populations world-wide, it is imperative to understand
how human land-use activities affect the dynamics of pathogen
populations in natural communities and ecosystems (Anderson
et al. 2004; Foley et al. 2005).

Currently, one of the plant pathogens of greatest concern
world-wide is P. ramorum, a newly described (Werres et al.
2001) and highly invasive pathogen that causes a forest
disease known as Sudden Oak Death (Rizzo et al. 2002, 2005;
Rizzo & Garbelotto 2003). This exotic pathogen has reached
epidemic levels in many coastal forests of California and
south-western Oregon in the U.S., where it has already killed
thousands of tanoaks (Lithocarpus densiflora) and trees in the
red oak (Quercus sp.) group (Rizzo & Garbelotto 2003), and
many more coastal forests face considerable risk of infection
(Meentemeyer et al. 2004). The pathogen has also been found
in Canada and 11 western European countries, where it
occurs predominately on ornamental plant species in nurseries,
managed gardens and semi-natural areas (Appiah et al. 2004;
Henricot & Prior 2004).

The potential ecological and economic consequences of
this invasion are considerable and potentially widespread.
Extensive death of host trees in forested landscapes will result
in the loss of habitat and food resources for wildlife, increased
fire danger, accelerated runoff and associated soil erosion,
and changes to the structure and composition of plant,
animal and microbial communities (Rizzo & Garbelotto
2003; Rizzo et al. 2005). Local, state and federal agencies are
also incurring high regulatory costs associated with monitoring,
eradication and containment. Lastly, the horticultural industry
has suffered significant economic losses due to quarantines
and destruction of infected plants (Appiah et al. 2004).
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Determining the factors that influence the success and
prevalence of P ramorum is critical for understanding the
dynamics of this influential pathogen and for controlling the
extent of its invasion. Susceptibility of forests to P. ramorum
invasion is currently known to be affected by host com-
position (Maloney et al. 2005; Rizzo et al. 2005), landscape
heterogeneity of host vegetation (Condeso & Meentemeyer
2007), historic land-cover change (Meentemeyer et al. 2008a),
and suitability of abiotic conditions for growth and survival
(Davidson et al. 2005). Humans are also known to play
an important role in promoting the occurrence of other
invasive Phytophthora species (Weste & Taylor 1971; Marks
et al. 1975; Hansen et al. 2000; Jules et al. 2002), but the
degree to which humans affect the prevalence of P. ramorum
has received little attention (although see Davidson ef al.
2005). Here, we evaluate questions at three different spatial
scales that address the potential influence of humans and a
range of additional factors on the distribution of P, ramorum:
(i) is P ramorum more frequently found in soil along hiking
trails than in soil off trail?; (ii) do forests on public lands open
to recreation exhibit more disease than private lands that are
closed to the public?; and (iii) Does the probability of P. ramorum
occurrence at sites increase with greater human population
density in the surrounding forest? In examining the latter two
questions, we have considered the importance of public access
and human density relative to a range of environmental
variables in facilitating disease establishment. Research
addressing such questions is urgently needed to understand
the dynamics of an influential exotic pathogen and to facilitate
management efforts to control its spread.

Study system

Phytophthora ramorum (water mold, Oomycota) is a generalist
pathogen that infects over 40 plant genera, including ferns,
gymnosperms, monocots and dicots, with the number of
known host species increasing substantially each year (Rizzo
& Garbelotto 2003). Because of its recent appearance, high
virulence, genetic structure and geographic distribution, P
ramorum is thought to be non-native in both North America
and Europe (Werres et al. 2001; Brasier 2003; Rizzo &
Garbelotto 2003), although its exact region of origin is still
unknown (D. M. Rizzo, pers. comm.).

The pathogen causes symptoms that are expressed in two
distinct forms: non-lethal infections in foliar hosts that can
lead to the production of large numbers of dispersal spores
and lethal infections in canker hosts that do not produce
infectious spores (Rizzo & Garbelotto 2003). Thus, transmis-
sion of the disease is driven primarily by infection among
foliar hosts, whereas canker hosts do not contribute to
pathogen spread (Garbelotto et al. 2003; Davidson et al.
2005; Rizzo et al. 2005). The canker hosts found in our study
region are coast live oak (Quercus agrifolia) and California
black oak (Q. kelloggii), whereas the most dominant foliar
host is bay laurel (Umbellularia californica). The latter is an
especially important foliar host because it produces large
amounts of inoculum (Davidson et al. 2005) and is associated
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Fig. 1. A map showing the location of 202
study plots within a 275 km®*region of eastern
Sonoma County used to assess the intensity
of disease caused by Phytophthora ramorum
on public and private land. The location of
plots on public land open to recreation is
indicated by circles, whereas those on private
lands closed to the public are indicated by
triangles. The border of Fairfield Osborn
Preserve, where the hiking study occurred, is
indicated by a solid black line.

with oak and tanoak mortality (Kelly & Meentemeyer 2002;
Maloney et al. 2005). Unlike other host species, tanoak develops
both non-lethal foliar and twig infections as well as lethal
canker infections (Maloney et al. 2005).

Methods

HUMAN DISPERSAL OF A FOREST PATHOGEN

To address the ability of humans to disperse P. ramorum in soil
along hiking trails, we conducted a study during March 2003 within
different habitat types at Sonoma State University’s Fairfield
Osborn Preserve, 50 km north of San Francisco (Fig.1). We
selected 54 sample locations distributed equally among nine 6-m
trail segments that passed through one of three habitat types differing
greatly in P. ramorum prevalence: forests dominated by coast live
oak and infected bay laurel, open grasslands lacking P. ramorum
hosts, and stands of white oak (Q. garryana) that also lacked hosts.
The nine trail segments were separated from each other by at least
2 km. For each of these trail segments, we collected six soil samples
(top 3-5 cm), half of which were obtained from the trail surface,
spaced 3 m apart, and the other half were obtained from adjacent
locations 2 m off trail. We collected all soil samples after recent rainfall
events to ensure that the soil was moist and optimal for P. ramorum
survival. Within 24 h of collection, we assessed all soil samples for
the presence of P ramorum using standard culturing techniques
employed with this pathogen (Davidson et al. 2005; Fichtner et al.
2007). In the laboratory at room temperature, we immersed each
soil sample in a container of deionized water and then half sub-

merged an unblemished green D’Anjou pear in this solution to serve
as bait. To reduce pesticide residues, we washed each pear carefully
prior to use. After 4-5 days, we removed the pears from the soil/
water solutions and, after rinsing with deionized water, allowed
them to sit uncovered on trays at room temperature for an additional
4-5 days. We then collected samples from lesions on the skin of each
pear and plated this material on petri dishes containing pimaricin—
ampicillin-rifampicin—pentachloronitrobenzene (PARP) agar placed
in dark incubators at 17.5-20 °C. PARP agar includes two antibiotics
and an antifungal agent to prevent growth of competitive species of
saprophytic bacteria and fungi. After 7-14 days, we examined each
of these cultures and identified all Phytophthora species based on
morphological characters (Davidson et al. 2003). Only P. ramorum
was detected in our soil samples.

To analyse the distribution of P. ramorum in these soil samples, we
used a log-linear test of conditional independence, with habitat type
(infected oak/bay laurel forest, white oak forest and grassland) and
sample location (on vs. off trail) as predictor variables.

LAND ACCESS AND DISEASE SYMPTOMS

To examine the degree to which disease severity was associated with
public access and 12 other variables, we studied patterns of P. ramorum
infection level on private and public lands in a 275 km? region in
eastern Sonoma County, approximately 70 km north of San
Francisco, California (Fig. 1). This region consists of a mosaic of
vegetation and land-cover types, including oak woodland, redwood—
tanoak forest, chaparral shrubland, annual grassland, agricultural
areas and scattered residential developments. Using a geographic
information system (GIS), we established a network of 202
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randomly located 15 x 15 m plots in areas mapped as oak woodland
on public and private lands (see Meentemeyer ef al. 2008 a for
details on our methods for randomly selecting plots). We measured
the incidence of P ramorum within each of our plots, 96 of which
occurred in forested landscapes that were open to the public and
used heavily for recreation (parks and nature preserves), and 106
occurred on private lands not accessible to the public. For each plot,
we sampled the following host trees between mid-April and
mid-May 2004 for symptoms of infection by P. ramorum: coast live
oak, black oak, tanoak and bay laurel. An understanding of factors
that drive infection in dominant foliar hosts, such as bay laurel, is
especially key because of their documented role in promoting
disease occurrence (Davidson ef al. 2005; Maloney et al. 2005).

We used symptoms of infection by P. ramorum as an indirect and
non-destructive measure of disease incidence. Symptoms of infec-
tion in bay laurel consist of spotting and necrosis on leaves, usually
at the tips. In contrast, symptomatic coast live oak and black oak
exhibit cankers on the bark of the main trunk that produce dark red
‘bleeding’ exudates and discoloration (Davidson et al. 2003).

For bay laurel, we evaluated the validity of this approach by
collecting 15 symptomatic leaves from three to five randomly selected
trees per plot and assessing them for the presence of P. ramorum using
standard baiting and culturing techniques (Davidson ef al. 2003). For
each leaf, we excised small amounts of material from the margin of
the necrotic area. This material was then plated on PARP media for up
to 7 days and, as before, examined for P. ramorum and other Phytoph-
thora species that can occur in our study area. This culturing indicated
that the majority of bay laurel trees categorized as symptomatic
were positive for P ramorum and no other Phytophthora species that
cause similar symptoms were detected. Thus, we are confident that
disease symptoms were a reliable measure of P. ramorum infection.

In addition to public access, we also evaluated the importance of
12 other variables as predictors of forest disease. Given its role in
inoculum production and disease transmission (Davidson et al.
2005), we estimated the dominance of bay laurel in each plot by
determining the diameter breast height (DBH) of all bay laurel trees
and calculating cumulative DBH. To account for the influence of
landscape heterogeneity of host habitat (Condeso & Meentemeyer
2007), we mapped the distribution of forest habitat in a GIS using
fine-scale multi-spectral imagery (ADAR, 1 m pixel resolution) and
quantified the amount of forest within a 150 m area surrounding
each plot as an index of habitat contiguity. We also determined the
geographic location (x- and y-coordinates) of each plot to control
for historical patterns of disease spread. To account for the influence
of temperature and moisture conditions known to affect foliar
pathogens (Woods et al. 2005), we used the parameter elevation
regression on independent slopes model (PRISM; Daly et al. 1994)
to estimate minimum and maximum daily temperature, relative
humidity and precipitation between December and May (the time of
year when P. ramorum is active — see Davidson et al. 2005). We also
derived the following variables for each plot from a USGS
10 x 10 m digital elevation model using a GIS: elevation, potential
solar radiation between December and May calculated using the
cosine of illumination on slope model (Dubayah 1994), and the
topographic moisture index (TMI) calculated as the natural log of
the ratio between upslope drainage area and the slope gradient of a
grid cell (Beven & Kirkby 1979; Moore ef al. 1991). Lastly, because
of its potential importance in disease establishment (Moritz &
Odion 2005), we included each plot’s fire history since 1950 (fire or
no fire) from records compiled by the California Department of
Forestry and Fire Protection. To determine the degree to which
public access and other variables influenced disease severity, we
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Fig. 2. A map illustrating the density of human populations across
the zone of infestation in 14 counties of northern and central
California where Phytophthora ramorum and Sudden Oak Death are
known to occur. Points within this zone indicate the location of 165
sites used to assess predictors of disease incidence at the regional scale.

used backward elimination stepwise multiple regression, with public
access and the 12 environmental factors just described as predictor
variables and proportion of symptomatic bay laurel and canker
hosts per plot as response variables. As noted previously, tanoaks
can serve as both foliar and canker hosts; here we focused only on
tanoaks serving as canker hosts.

HUMAN POPULATION DENSITY AND DISEASE
PRESENCE

To determine if disease occurrence was associated with human population
density in the surrounding area or 12 other environmental variables,
we first delineated a general zone of potential infestation in the 14
counties of northern and central California where P, ramorum and Sudden
Oak Death are known to occur (Fig. 2). This was achieved by inscribing
a 20 km buffer around the 275 sites officially confirmed by the
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California Department of Food and Agriculture (CDFA) to contain
host plants infected with P. ramorum as of May 2003. Isolated out-
breaks of disease have rarely been detected further than 20 km from
known CDFA-verified infections (Meentemeyer & Mark, unpubl. data).

Within this zone, we assessed the occurrence of P. ramorum at 165
randomly located forested sites on public land between May and
August of 2003 and 2004. At each site, we established two 50 x 10 m
intersecting belt transects (forming an ‘L’ shape) and visually
inspected all foliar and canker host species for symptoms of P. ramorum
infection. To test for the presence of P. ramorum, we collected up to
25 leaves showing symptoms of disease from five of the most symp-
tomatic foliar host individuals. We sealed all leaf samples in plastic
bags and stored them in coolers while in the field. We also assessed
canker hosts for disease symptoms caused by P. ramorum but, to
avoid injuring trees, collected canker samples only when symptomatic
foliar host plants were not found. We used the same symptoms of
infection for canker hosts as those outlined previously.

Symptomatic samples collected in known P ramorum-infected
counties were processed by the CDFA and samples collected in
counties thought to be uninfected were processed at the University
of California at Davis. In both laboratories, symptomatic leaf tissue
was assessed for the presence of P. ramorum using the same standard
baiting and culturing techniques (see Meentemeyer et al. 2008b for
additional details). The identity of a subset of isolates was confirmed
through sequencing the ITS region of the nuclear ribosomal DNA
and comparing with voucher sequences of P. ramorum (Ivors et al.
2004). As an additional test, leaf samples that did not yield Phytophthora
cultures were resampled with a PCR-based molecular assay using P
ramorum-specific primers designed to detect pathogen DNA in leaves
(Hayden ez al. 2004). We classified a site as infected by P. ramorum
if at least one tissue sample yielded a positive culture or PCR detection
of the pathogen. We classified a site as uninfected by P. ramorum if
there was no positive isolation or PCR detection even though symptoms
typical of P. ramorum were observed and sampled at the site, or if no
symptoms typical of P. ramorum were observed at the site.

We quantified the human population density (persons/km?)
surrounding each site using a multi-scale nested approach to deter-
mine the spatial scale at which human population pressure might
influence the presence of P. ramorum. To accomplish this, we used a
GIS to measure the U.S. Census Bureau’s 2000 block-level census in
circular areas of increasing radii surrounding each of the 165 sites:
10, 30, 50 and 100 km. Since each scale resulted in significant
relationships (P < 0.05), we chose to present the 50 km data as they
yielded the strongest relationship.

In addition to human population density, we also evaluated the
importance of 13 potentially influential variables as predictors of
forest disease. These were elevation, geographic location (x and
y-coordinates), sampling year (2004 vs. 2005), minimum and
maximum daily temperature, relative humidity, precipitation, potential
solar radiation, TMI and fire history. We also controlled for the
presence or absence of the infectious hosts bay laurel and tanoak in
each of our sites. To determine if the occurrence of P ramorum was
associated with human population density, we used logistic regression,
with human population density and the 12 other factors as predictor
variables and P. ramorum presence or absence as the response variable.

Results

HUMAN DISPERSAL OF A FOREST PATHOGEN

Our local-scale study indicated that presence of the pathogen
in soil on and off hiking trails differed significantly among

1.0 1
8 E off trail
2 081 On trail
©
[}
§
- 0.6
2
1%}
R
£
5 041
c
k<]
S
5. 0.2 4
o

0
Grassland White oak Infected bay/CLO
Habitat type

Fig. 3. Proportion of soil samples infested with the pathogen
Phytophthora ramorum on hiking trails and 1-m off trail in three
different habitat types (grassland, white oak forest, and bay laurel/
coast live oak forests infected with P. ramorum).

the three habitat types evaluated (G?=25.1, d.f =2,
P <0.0001; Fig.3). As expected, P. ramorum was equally
common in soil on and off trail from infected coast live
oak/bay laurel woodlands, where large amounts of pathogen
inoculum can be produced. However, for grasslands and
white oak forests, that both lack P. ramorum hosts, the path-
ogen was commonly found in soil samples collected from
hiking trails, but was virtually absent from soil in adjacent
locations off trail.

LAND ACCESS AND DISEASE SYMPTOMS

Our landscape-level study indicated that the proportion of
bay laurel trees exhibiting symptoms of infection by P. ramorum
was significantly greater in plots on public lands that were
open to recreation than in plots on private land that lacked
public access (Table la; Fig. 4a). We also found that
symptoms of infection were positively associated with TMI,
maximum daily temperature and amount of forested area
surrounding plots (Table 1a). In addition, we detected an
underlying spatial pattern of infection across the landscape:
the proportion of symptomatic bay laurel trees was greatest in
the western and southern parts of our 275 km? study region
(Table 1a). None of the other environmental variables
considered — elevation, minimum daily temperature, relative
humidity, precipitation, solar radiation, cumulative DBH of
bay laurel and fire history — were significant predictors of
symptomatic bay laurel trees and were thus excluded from the
model.

We performed a similar landscape-scale analysis for canker
hosts (coast live oak, black oak and tanoak) and found that
the proportion of symptomatic canker hosts in each plot was
positively associated with cumulative DBH of bay laurel and
negatively associated with minimum daily temperature
(Table 1b). In contrast, public access (Fig. 4b) and the other
variables were not significant predictors of symptomatic bay
laurel trees and were eliminated from the model.
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Table 1. Models resulting from multiple regressions involving the proportion of symptomatic host trees (a, b) and presence of the pathogen

Phytophthora ramorum (c)

Model
Parameter
Response variable Predictor variable estimate Fiy? P d.f. R’ (adjusted)
Landscape level (linear regression)
(a) Proportion of symptomatic Land status -0.0540 5.31 0.0224 1,170 0.23
bay hosts per plot ™I 0.0425 11.40 0.0009
x Coordinate -0.000021 11.53 0.0009
y Coordinate —-0.000023 18.15 < 0.0001
Maximum temperature -0.0105 2.74 0.0998
Amount of forested area 0.000049 2.87 0.0920
(b) Proportion of symptomatic Cumulative DBH of bay 0.0003 8.90 0.0033 1,167 0.11
canker hosts per plot Minimum temperature -0.0203 8.11 0.0050
Regional level (logistic regression)
(c) Presence of P. ramorum Human population density -0.0047 7.03 0.0080 1 0.34
Presence of bay laurel 2.2064 34.14 < 0.0001
Precipitation —0.0421 8.41 0.0037
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Fig. 4. Mean percentage (+1 SE) of bay laurel hosts (a) and canker 0 :
Absent Present

hosts (b) exhibiting symptoms of infection by Phytophthora ramorum
in forests located on public land, open to recreation, vs. private lands
lacking public access.

HUMAN POPULATION DENSITY AND DISEASE
PRESENCE

Our regional-scale study indicated that the chances of P. ramo-
rum being present at a forested site increased significantly as
human population density within a 50 km radius area
increased (Table 1c; Fig. 5). We also detected positive
associations with precipitation and the presence of bay laurel
(Table 1c). None of the other 11 variables — elevation, plot
location, sampling year, minimum and maximum tempera-
ture, relative humidity, TMI, solar radiation, fire history and
tanoak presence — were significant predictors of P. ramorum
presence and were removed from the model.

Discussion

A growing number of invasive plant pathogens are having
substantial effects on a diverse range of host species and
ecological systems throughout the world. Although many
factors are known to affect the distribution and abundance of
these exotic invaders, the extent to which human activities

Phytophthora ramorum

Fig. 5. Mean density (+1 SE) of human populations surrounding
forested areas that have host trees infected with Phytophthora
ramorum and those areas lacking infected host trees.

affect their dynamics in nature is poorly understood. Our
study has focused on relationships between human activity
and the distribution of P. ramorum at three spatial scales. At
the local scale, we found that there was greater incidence of
the pathogen in soil on hiking trails than in adjacent areas off
trail. At the landscape scale, our data indicate that forests on
public land open to recreation experienced greater disease
severity than forests on private land closed to the public. And
at the regional scale, our results indicate that the chances of
P, ramorum occurring at a forested site increased with human
population density in the surrounding area. Although
experimental approaches in our system were not feasible, our
correlative studies tried to identify and control for factors
other than human activity that were important in disease spread.
In addition, our results at three different spatial scales each
independently suggested that humans are one of numerous factors
that promote the incidence of this influential forest pathogen.
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HUMAN DISPERSAL OF A FOREST PATHOGEN

Our results clearly show that P ramorum more commonly
occurred in soil on hiking trails than in soil from adjacent
areas off trail, and that the pathogen occurred on trail in
locations that lack local sources of inoculum, such as grass-
land and non-host forest area. We hypothesize that humans
drive this pattern by inadvertently tracking P. ramorum on the
soles of their shoes and dispersing the pathogen along hiking
trails into areas that lack host vegetation. Fairfield Osborn
Preserve has an active educational program and many people
hike its network of trails each week during the time of year
when P. ramorum is sporulating. Thus, there is ample
opportunity for the pathogen to be dispersed by hikers along
trails, and possibly contribute to long-distance spread.

An alternative explanation for our hiking trail results is
that animals, other than humans, are the primary force
dispersing the pathogen. The two most likely non-human
dispersers of P. ramorum at this site are native black-tailed
deer (Odocoileus hemionus columbianus) and exotic feral pigs
(Sus scofa domesticus). Although one of us has studied these
species extensively in northern California (e.g. Cushman et al.
2004; McNeil & Cushman 2005), we do not feel their activities
explain the results shown in Fig. 3. First, feral pigs do not
commonly use hiking trails and do not occur at Fairfield
Osborn Preserve (J. H. Cushman, personal observation).
Thus, they can not be implicated in the dispersal of P. ramorum
along trails at this location, although may be important off
trail dispersers at other sites. Second, black-tailed deer create
their own elaborate network of trails throughout Fairfield
Osborn Preserve and do not regularly use hiking trails (J. H.
Cushman, personal observation).

Further support for our conclusions is provided by the
work of Davidson et al. (2005), who published the only other
study exploring the potential for human transport of P. ramorum
along hiking trails. In their study, also conducted at Fairfield
Osborn Preserve, individuals walked along segments of
hiking trail in forests dominated by infected bay laurel hosts
and 40% of them had P, ramorum in soil on their shoes after
traveling 2.4 km. Although these data could not be analysed
statistically, Davidson et al.’s results clearly show that hikers
can pick up P. ramorum on the soles of their shoes and lend
further support to the hypothesis that humans are dispersal
agents of this pathogen.

Atleast two other Phytophthora species have been shown to
be dispersed by human activities after their initial introduction.
Both Weste & Taylor (1971) and Marks et al. (1975)
hypothesized that vehicles and logging machinery facilitated
the incidence of P. cinnamomi in Australian forests because
they observed that host trees infected with the pathogen
occurred most commonly along the sides of roads and in
recently logged areas. In another system, research on the fatal
root disease of Port Orford cedar (Chamaecyparis lawsoniana)
in southern Oregon and northern California showed that
P, lateralis inoculum was commonly transported in mud and
organic matter by vehicles and logging equipment along
roads, by hikers and workers on and off trails, and by cattle

and other wildlife species (Hansen et al. 2000; Jules et al.
2002).

Because P. cinnamoni and P, lateralis are root diseases, it is
not surprising that human-dispersed soil infected with these
pathogens can lead to disease in host trees. However, P, ramorum
is an aerial pathogen and not thought to infect host trees
via soil-root contact (although see Parke & Lewis
2007). Therefore, the mechanism by which human-dispersed
infected soil leads to foliar and canker infection is not as clear.
However, Davidson et al. (2005) showed that P. ramorum can
be spread from infected soil to green leaf litter of bay laurel,
which can then infect bay laurel seedlings via rain splash, thus
suggesting that infected soil has the potential to be an important
driver of P. ramorum transmission between host plants.
Splash dispersal has also been shown to be an important
mechanism of spread for other species in the genus Phytophthora
(Madden ef al. 1992, Ristaino & Gumpertz 2000). An
additional soil-to-plant transmission pathway in our system
may involve birds and small mammals. Western scrub-jays
(Aphelocoma californica), wild turkeys (Meleagris gallopavo)
and western grey squirrels (Sciurus griseus) all spend substantial
time moving back and forth between the soil surface and bay
laurel canopies (J. H. Cushman, personal observations). Such
frequent movements between infected soil and foliar host
vegetation suggest that there is abundant opportunity for
these animals to also serve as key dispersal agents of P. ramorum.

LAND ACCESS AND DISEASE SYMPTOMS

Landscape-level data from our 202 study plots in eastern
Sonoma County indicated that six variables were significant
predictors of disease symptoms caused by P. ramorum. First,
we found that forests on public land open to recreation were
associated with increased symptoms of infection in the most
dominant foliar host, bay laurel, even after taking into
account the potentially confounding effects of 12 environ-
mental factors. We hypothesize that the increased symptoms
of disease in forests on public land occurred because these
areas experience greater amounts of recreational activity (i.e.
hiking, mountain biking, horseback riding), which in turn
results in a greater influx of P. ramorum infested soil to these
areas. Increased infection of bay laurel is important because it
is one of the most heavily infected carriers of the disease in
California forests (Davidson et al. 2005) and its presence is
correlated with oak and tanoak mortality (Kelly & Meente-
meyer 2002; Maloney et al. 2005; Swiecki & Bernhardt 2006).

An alternative explanation for our landscape-level results is
that forests on public land differ fundamentally in some way
from those on private land — other than the degree of public
access. For example, the dominance of bay, amount of surround-
ing forest, geographical location and/or microclimate of plots
on public and private land could all differ substantially. If
such variation existed, and was not corrected for, one might
falsely conclude that public access was a key factor rather
than these other variables. We were cognizant of this possibility
at the outset of our study and purposely accounted for these
and other variables in our multivariate statistical analysis.
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Thus, we feel justified concluding that our findings for public
access are real and not an artefact.

Public access was not the only significant predictor of
disease symptoms on bay laurel. First, we found that greater
values of the TMI in plots were associated strongly with
increased levels of disease symptoms. TMI estimates the ratio
of upslope drainage area to slope for a site and greater values
indicate higher potential soil wetness. Greater soil wetness
may (i) allow the pathogen to persist longer in the soil, (ii)
facilitate the ability of humans to track infested soil on the
soles of their shoes, and/or (iii) increase evapotranspiration
cooling, creating more suitable understorey microclimate
conditions for transmission and survival of P ramorum. In
addition, we found that disease symptoms were most severe in
southern and western portions of our 275 km? study area.
These results probably reflect the historical pattern of disease
spread across the northern San Francisco bay area. The first
observed infections caused by P. ramorum occurred in the
Mill Valley area of Marin County in the mid-1990s (Rizzo &
Garbelotto 2003). Because of this, we hypothesize that the
south-western portion of our study area was infected first,
providing a greater amount of time for inoculum to accumulate
in these forests relative to those to the north and east.

We detected two other strong trends that also warrant
discussion. First, our data revealed a positive association
between the intensity of disease symptoms in bay laurel and
maximum daily temperature from December to May (the
time of year when P. ramorum is most active and abundant).
As long as there is ample rainfall and soil wetness, warm
climate conditions at this time should facilitate growth of P
ramorum and promote host infection (Davidson et al. 2005).
Second, we also detected a positive association between the
intensity of disease symptoms in bay laurel and the amount of
forested area surrounding plots. This result suggests that the
ability of P. ramorum to infect bay laurel may be enhanced by
large amounts of fairly contiguous host vegetation. This
pattern is consistent with results from two other landscape-
scale studies of P. ramorum (Condeso & Meentemeyer 2007;
Meentemeyer et al. 2008a) as well as other pathogen species
(Burdon et al. 1995, Thrall et al. 2003). Greater amounts of
forest area may promote the success of P. ramorum by increasing
landscape connectivity of host vegetation (Burdon 1987,
Condeso & Meentemeyer 2007). Larger forested areas may
also better sustain larger populations of P. ramorum during
periods of unproductive climatic conditions (Burdon 1987).

Public access and 10 other environmental variables were
not significant predictors of disease symptoms in canker
hosts. The insignificance of public access and other variables
is not surprising given that the pathogen spreads among bay
laurel trees far in advance of oak infection (Davidson et al.
2005) and our study area is in an earlier stage of invasion by
P, ramorum than other more publicized regions (e.g. Marin
County and Big Sur). As a result, a large fraction of the bay
laurel trees in our plots exhibited symptoms of infection by
P. ramorum (Fig. 4a), whereas symptomatic canker hosts
were substantially less common (Fig. 4b). As P. ramorum
infection intensifies in bay laurel over time, we expect that
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more canker hosts will become infected and that patterns
similar to those found for bay laurel will emerge.

Although public access was not yet an important predictor
of disease for canker hosts, we found that both cumulative
DBH of bay laurel and minimum daily temperature were
significant. As hypothesized, symptoms of disease in canker
hosts were more likely to occur as bay laurel became more
dominant in plots (as measured by cumulative DBH). This
result is consistent with the findings of other studies and
further corroborates the importance of bay laurel in promoting
disease in oaks and tanoaks (Kelly & Meentemeyer 2002;
Davidson et al. 2005; Maloney ef al. 2005). Higher minimum
daily temperatures in December through May were also
associated with greater disease symptoms in canker hosts.
This seems reasonable given that locations with higher minimum
temperatures should provide P. ramorum with more suitable
growing conditions and more frequent canker host infections.

HUMAN POPULATION DENSITY AND DISEASE
PRESENCE

Our regional-scale analysis of 165 sites in 14 counties of
northern and central California indicated that human
population density and two other predictor variables were
significantly associated with disease presence. Two mechanisms
are likely to explain the positive association between P. ramorum
occurrence and human population density. First, because
forests surrounded by high-density populations typically
experience greater amounts of recreational activity, greater
amounts of pathogen inoculum may be introduced, thereby
increasing the likelihood of infections. Second, infected orna-
mental plants may be more frequently planted in residential
areas adjacent to forests surrounded by high-density popu-
lations (Rizzo et al. 2005). A growing number of ornamental
species (including azalea, camellia, grand fir and rhododen-
dron) have been found to serve as foliar hosts for P. ramorum
and infected plants are regularly found in nurseries (Stokstad
2004). Over numerous years, introduction of infected orna-
mental plants at urban—wildland interfaces may have served
as primary infections, which subsequently led to greater
amounts of P. ramorum inoculum and infection of host plants
in these more populated regions. In summary, regardless of
which mechanisms were operating, our data suggest that
increased human density can inadvertently lead to increased
P, ramorum occurrence and the disease it causes in adjacent
forests.

In addition to the associations involving human popu-
lation density, our analysis revealed that the chances of
P. ramorum occurrence increased significantly with both the
presence of bay laurel and precipitation. The bay laurel result
is consistent with our previous analysis and the findings of
other research, further implicating the pivotal role of this host
in disease establishment. Higher precipitation may increase
chances of P. ramorum occurrence in two ways: (i) by providing
sufficient moisture for growth and transmission and (ii) by
creating wetter soils that facilitate the ability of humans to
track infested soil.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Ecology, 96, 766776



774 J. H. Cushman & R. K. Meentemeyer

As with our landscape-level study discussed previously,
there may be alternative explanations for our regional-scale
results that warrant discussion. Specifically, if areas of high
human density tend to occur in locations with specific
characteristics — such as similar ranges in temperature or pre-
cipitation, for example — then it may be possible to detect an
association between disease and density that is actually due to
one or more of these characteristics, and not human density.
If such situations exist and are not accounted for, one could
again falsely conclude that human density was important,
when in fact some other factor or combination of factors were
driving the relationship. However, through our multivariate
statistical analysis, we carefully examined 13 other variables
that we suspected might also predict disease occurrence.
Having taken this approach, we conclude that the significance
of human density is real and not an artefact of correlations
with other linked variables.

Fire is well-known to have played an important role in
structuring forests of California (Sugihara et al. 2006) and
there has been considerable interest in the degree to which it
might affect the success of P ramorum and Sudden Oak
Death. For example, Moritz & Odion (2005) also examined
large-scale patterns of P. ramorum occurrence in relation to
mapped fire history since 1950. Using the same fire-history
records that we used in our analyses, they found that infected
locations were significantly less common in burned areas
relative to unburned ones. In light of these results, we were
surprised that fire history was an insignificant predictor of
disease occurrence in our study. We suspect that the differing
results stem from how the two studies delineated their focal
study areas. Moritz and Odion defined a study area that
ranged from the northern-most latitude in California where
P, ramorum is known to infect host trees at an isolated outbreak
in Humboldt County to the southern-most latitude in
Monterey County, and then 61 km inland throughout this
area, which corresponds to the farthest distance from the
coast that infection is known to occur. In contrast, as
described previously, our study area consisted of a 20 km
region surrounding each of the 275 sites in California known
to contain infected host plants. As a result, Moritz and
Odion’s study area was much larger than ours and may have
included many more inland forested regions that burn
regularly but have less favourable climatic conditions and less
foliar host vegetation for use by P. ramorum (see Meente-
meyer et al. 2004). Thus, we hypothesize that the consequence
of defining a larger study area that contained many low-risk
but fire-prone forests was to detect an association between fire
and an absence of disease.

MANAGEMENT IMPLICATIONS

Coastal forests in California and Oregon are experiencing
high levels of tree disease and mortality as a result of infection
by P. ramorum. Although this pathogen has not reached
epidemic levels in other regions of the world, it occurs in many
areas of western Europe and there is considerable inter-
national concern that the disease will spread rapidly and

cause severe economic and ecological damage (Rizzo &
Garbelotto 2003; Appiah et al. 2004). Clearly, humans can
unintentionally transport the pathogen long distances —
among counties, states and countries — via the nursery trade
and there is great apprehension about this possibility, especially
since such activity has been implicated in the initial intro-
duction of P, ramorum into North America (Rizzo et al. 2005,
2005). Our research offers multiple lines of evidence which
each indicate that human activity in the form of recreation
leads to increased incidence of disease, after the initial intro-
duction. These results suggest that there may be conflicts
between recreation and disease, and that efforts to control the
disease may require aggressive management. One strategy for
minimizing dispersal of infested soil would be to establish a
collection of stations for cleaning hiking shoes and mountain
bike tires in high-risk areas during wet, mild times of the year
(March—May would probably be most critical). Shoe and tire
cleaning procedures are known to be effective (Davidson
et al. 2005; J. M. Davidson, pers. comm.) and several programs
have been implemented on a small scale by state and federal
agencies. However, these programs may need to be implemented
on a much larger scale to be effective, which would require
considerable commitment from agency officials as well as
extensive community outreach and education. An alternative
approach would be to restrict access to high-risk areas during
periods of peak inoculum production. However, we suspect
this approach be unpopular with the public and would also
require considerable vigilance and resources from agencies to
implement and enforce. The logistical and political challenges
posed by these management strategies highlight the increasingly
dire situation that public lands confront. With the increasing
human use and decreasing funding that most protected
natural areas face (Cole & Landres 1996), mitigating the
impacts of recreation and the success of P. ramorum will con-
tinue to create enormously complex problems.

Conclusions

Identifying the suite of factors that mediate the distribution
and abundance of plant pathogens in nature is critical for
understanding the dynamics of these influential players, and
ultimately the effects they have on communities and ecosystems.
Our research has suggested that human activity, along with
other key variables, is an important factor affecting the
prevalence of an extremely influential exotic pathogen. We
suspect that our results for humans and P. ramorum are not
unique and believe that considerable insight will be gained by
addressing the potential roles of human activities in the
transmission of disease in other pathogen systems.
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