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ABSTRACT 

Davidson, J. M., Wickland, A. C., Patterson, H. A., Falk, K. R., and 
Rizzo, D. M. 2005. Transmission of Phytophthora ramorum in mixed-
evergreen forest in California. Phytopathology 95:587-596.  

During 2001 to 2003, the transmission biology of Phytophthora 
ramorum, the causal agent of sudden oak death, was studied in mixed-
evergreen forest, a common forest type in northern, coastal California. 
Investigation of the sources of spore production focused on coast live oak 
(Quercus agrifolia) and bay laurel (Umbellularia californica), dominant 
hosts that comprised 39.7 and 46.2% of the individuals at the study site, 
respectively. All tests for inoculum production from the surface of in-
fected coast live oak bark or exudates from cankers were negative. In con-
trast, sporangia and chlamydospores were produced on the surface of in-
fected bay laurel leaves. Mean number of zoospores produced from 
infected bay laurel leaves under natural field conditions during rainstorms 
was 1,173.0 ± SE 301.48, and ranged as high as 5,200 spores/leaf.  
P. ramorum was recovered from rainwater, soil, litter, and streamwater 

during the mid- to late rainy season in all 3 years of the study. P. ramorum 
was not recovered from sporadic summer rains or soil and litter during 
the hot, dry summer months. Concentrations of inoculum in rainwater 
varied significantly from year to year and increased as the rainy season 
progressed for the two complete seasons that were studied. Potential 
dispersal distances were investigated for rainwater, soil, and streamwater. 
In rainwater, inoculum moved 5 and 10 m from the inoculum source. For 
soil, transmission of inoculum was demonstrated from infested soil to bay 
laurel green leaf litter, and from bay laurel green leaf litter to aerial leaves 
of bay laurel seedlings. One-third to one-half of the hikers tested at the 
study site during the rainy season also were carrying infested soil on their 
shoes. In streamwater, P. ramorum was recovered from an unforested site 
in pasture ≈1 km downstream of forest with inoculum sources. In total, 
these studies provide details on the production and spread of P. ramorum 
inoculum in mixed-evergreen forest to aid forecasting and managing dis-
ease transmission of this environmentally destructive pathogen.  

 
Phytophthora ramorum, the causal agent of sudden oak death, 

is an emerging pathogen threatening oak woodlands in northern 
and central coastal California (46,47). First noticed in the San 
Francisco Bay Area in the mid-1990s, the pathogen’s geographic 
range in natural ecosystems currently extends over a range of  
650 km from south of Big Sur, CA to Curry County in southwest-
ern Oregon (46). Originally thought to be a pathogen of oak 
(Quercus sections Lobatae and Protobalanus) and tanoak (Litho-
carpus densiflorus), P. ramorum is now known to infect over 20 
woodland hosts and over 30 nursery hosts (9,11,25,36,47,57). 
However, the majority of these infections are not lethal (13,16, 
45). Oak and tanoak trees remain the species most at risk, with 
current estimates of mortality rates that are two and four times 
above historical levels for these two species, respectively (52). 
Subsequent loss of oak and tanoak from California woodlands 
may have grave ecological impacts. These species are dominant in 
many forests and serve as ecological keystone species that pro-
vide food and habitat for animals, serve as fire breaks, and host 
mycorrhizal networks (43). 

Several lines of evidence suggest that P. ramorum is an intro-
duced pathogen in California oak woodlands. First, the geo-
graphic range of P. ramorum is limited and considerably smaller 
than the geographic range of susceptible hosts (24,46). Second, 

some hosts, like tanoak, exhibit unsustainably high levels of sus-
ceptibility to P. ramorum and may be driven extinct by the patho-
gen (52). Finally, in U.S. forests, the genetic variation of the  
P. ramorum population appears limited, and only one mating type 
(A2) has been found in these populations (28). Regardless of the 
exact origin of P. ramorum, whether it is exotic or an emerging 
strain of a native Phytophthora spp., the geographic range of this 
pathogen continues to expand locally within and beyond infested 
regions into previously uninfested areas of natural ecosystems in 
California and Oregon. 

Over larger geographic scales, movement of infected nursery 
plants constitutes one of the greatest risks for spread of P. ramorum 
to forests. Within the past year, trace-back surveys have docu-
mented the movement of infected ornamental plants between 
nurseries in California, Oregon, Washington, and British Colum-
bia outside of the range of the pathogen in forest (42). In addition, 
the recent discovery of the shipment of thousands of plants from 
an infested block in a large-scale nursery operation in southern 
California to destinations across the United States highlights the 
difficulty of containing P. ramorum on nursery stock under cur-
rent trade policies (1). Subsequent introduction and establishment 
of P. ramorum in forests in new geographic areas via outplanting 
of infested ornamental plants is a genuine possibility given the 
proximity of housing to wildlands and the wide host range of this 
pathogen in temperate forests. An additional risk of the nursery 
trade includes the potential introduction of the second mating 
type, A1, to forests. The A1 mating type was discovered in nurser-
ies in Oregon, Washington, and British Columbia in 2003 (21). 

Consequently, P. ramorum poses a threat of increased destruc-
tion to temperate forests on local and expanding geographic 
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scales in the United States. Current efforts to control the local 
spread of P. ramorum within forests include eradication and 
fungicide treatments (14,15). However, these control measures 
may have limited success and are financially expensive to imple-
ment. In addition, eradication involves great environmental costs 
as the forest is cut and repeatedly burned. The environmental 
costs of phosphonate-based fungicide application to U.S. forests 
are unknown at this time (22). In order to design better manage-
ment strategies for controlling the local spread of P. ramorum 
once it is introduced to forests, it is of utmost importance to under-
stand the transmission biology of this pathogen in wildlands. 

Most Phytophthora spp. have a disease cycle that involves 
infection of host tissue, production of infective spores (sporangia 
with motile zoospores), movement of infective spores, and re-
infection of host tissue. In addition, resting spores (chlamydospores 
or oospores) may be produced to serve as a reservoir of inoculum 
for the pathogen during times unfavorable for growth or infection. 
Once spores are produced by Phytophthora spp. in natural areas, 
they typically can be moved through rain splash, watercourses, 
movement of infested soil, and, rarely, through wind without rain 
(12,45). The characteristics of each one of these steps will affect 
rates of transmission and the geographic scale over which 
transmission occurs. In addition, transmission likely will vary for 
each of the host species of a multihost pathogen like P. ramorum. 

Under laboratory conditions, P. ramorum readily produces spo-
rangia and chlamydospores (10). Laboratory tests also have 
demonstrated the production of oospores, sexual dormant spores, 
on carrot agar and within rhododendron stem pieces (5,58). How-
ever, we know little of how P. ramorum reproduces and spreads 
under natural conditions from multiple host plants in the forest. 

The transmission biology of P. ramorum in natural areas is 
complicated, given that this pathogen infects over 20 hosts in a 
mosaic of forest types in California and Oregon. In this study, the 
spore production and movement steps of transmission for  
P. ramorum were investigated in one of the most common and 
ecologically important forest types: mixed-evergreen forest domi-
nated by coast live oak (Quercus agrifolia) and California bay 
laurel (Umbellularia californica) (2). The geographic range of 
mixed-evergreen forest containing coast live oak extends from 
Mendocino County in the north (40°N) into southern San Diego 
County (32°N) and extends 60 to 120 km inland along the coast 
(2,6,24). Data from plot monitoring indicate that incidence of  
P. ramorum infection on coast live oak in mixed-evergreen forests 
often is high (4 to 30%), and that mortality levels are two times 
higher than historical levels (52; J. Davidson, unpublished data). 
Other important species in this forest type, all of which are hosts 
for P. ramorum, include California black oak (Q. kelloggii), 
Douglas-fir (Pseudotsuga menziesii), and Pacific madrone (Arbutus 
menziesii) (2). 

The objectives of this study were to determine the main sources 
of inoculum, the seasonality of inoculum production, and the 
transmission pathways of inoculum in a mixed-evergreen forest. 
Knowledge of the transmission biology of P. ramorum in this for-
est type will provide initial data to predict periods of high spore 
production and to forecast dispersal distances through rainwater, 
soil, and streamwater.  

MATERIALS AND METHODS 

Research site. Field work for this study was primarily carried 
out at Fairfield Osborn Preserve (FOP), Sonoma County, CA 
(122° 35′41′′W, 38° 20′37′′N). FOP covers 166 ha and includes 
multiple types of mixed-evergreen forest, white oak (Q. garry-
ana) forest, and redwood forest in close proximity. The research 
site within the preserve encompassed approximately 25 ha of 
mixed-evergreen forest at an elevation of 530 m. This area has a 
typical Mediterranean climate, with cool, wet winters and hot, dry 
summers, although summer fog can condense on foliage and drip 

into the understory. Rainfall at the site ranged between 880 and 
1,280 mm per year and temperature ranged between –3 and 45°C 
during 2001 to 2003 (J. Clothier, unpublished data). Soils in this 
area are in the Goulding, Toomes, Spreckles, and Raynor  
series (38) and soil pH at the site ranged between 5.0 and 5.6  
(J. Davidson, unpublished data). On a 1-ha plot survey within the 
site, coast live oak and bay laurel comprised 39.7 and 46.2% of 
the individuals, respectively. Infection levels within the plot were 
high: 16.5% for coast live oak and 81.9% for bay laurel  
(J. Davidson, unpublished data). Consequently, these two dominant 
hosts, coast live oak and bay laurel, were chosen as the focus for 
transmission studies.  

Host plant study species. Coast live oak is an evergreen oak in 
the section Lobatae (red oaks). These trees grow to 10 to 25 m in 
height and up to 3.5 m in diameter (24). They commonly live up 
to 250 years and are keystone members of woodland communi-
ties. P. ramorum forms cankers in the phloem of coast live oak 
trees larger than 10 cm diameter breast height. Cankers generally 
are found on the main trunk within 1 m of the ground and 
commonly ooze a clear, red exudate (47). These infections have 
resulted in mortality as high as 20% in some stands (T. Swiecki 
and E. Bernhardt, unpublished data). 

Bay laurel is a canopy tree of medium stature. This tree is of 
ecological importance because it provides habitat and food for 
wildlife (6). P. ramorum forms foliar lesions on bay laurel (11,13) 
that most likely reduce photosynthetic ability in attached leaves 
(40) and also lead to higher rates of leaf abscission (J. Davidson, 
unpublished data). However, infection does not progress into the 
stem or main trunk, and never has been noted to cause mortality 
in this species (J. Davidson, unpublished data; P. Maloney, 
unpublished data).  

Sources of spores. Coast live oak bark cankers. To test for the 
presence of inoculum (e.g., sporangia, zoospores, and chlamy-
dospores) in the bleeding exudate from coast live oak cankers, 
exudate samples were collected from 27 infected coast live oak 
trees at FOP every 7 to 15 days during February to June 2003 and 
plated on pimaricin-ampicillin-rifampicin-pentachloronitroben-
zene-selective agar (PARP) (12). Not all trees were exuding on a 
given sample date; therefore, not all trees were sampled on each 
date. However, all trees were sampled at least once for a total of 
157 samples on 14 sampling dates. For each sample, 12 swabs of 
exudate were collected with a clean, wooden toothpick and 
swiped into the agar of a PARP plate. Exudate was not collected 
from bark that had been cut for previous isolation of P. ramorum 
from oak trees. In addition, care was taken not to include small 
pieces of bark that could have fallen from the phloem of cut sur-
faces. No further isolations from bark shavings were attempted 
during the exudate collection period. Plates were assessed for col-
ony formation at 2 to 3 weeks and at 3 months, as an indication of 
the presence of viable P. ramorum in exudate. 

To test for the presence of inoculum formed on the outer bark 
of coast live oak trees infected with P. ramorum, 18 logs with  
P. ramorum cankers were placed inside a plastic cage (300 cm 
long by 90 cm wide by 110 cm high) within a growth chamber 
and monitored for inoculum production. A smaller control cage 
(40 cm long by 25 cm wide by 110 cm high) that did not contain 
logs also was placed inside the chamber. Logs were tested in 
groups of two to seven, depending on when they were cut. The 
logs each were cut from a separate, naturally infected oak tree 
growing in coast live oak–bay laurel forest at one of three sites: 
the Marin Open Space District (Marin County), Camp Tamar-
ancho (Marin County), or along Lichau Road (Sonoma County). 
Logs were 30 cm long, and ranged in diameter from 20 to 89 cm. 
Phloem within the cankers was moist, and P. ramorum recently 
had been isolated from these cankers, indicating that the pathogen 
was alive in the logs. Logs were cut in the rainy season or early 
summer (February to June 2002 and 2003) when P. ramorum was 
likely to be active and trunk moisture content was high. 
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The environment in the growth chamber was set to conditions 
shown to favor sporulation by P. ramorum in the laboratory. Tem-
perature was 20°C during the day and 15°C at night, optimal tem-
peratures for spore production (described below). Day length was 
12 h. Logs and control were misted for 20 s every 2 h to maintain 
a film of moisture on the bark surface, a favorable condition for 
sporangia production. In addition, the logs and control were wa-
tered for 25 s two times per week using a sprinkling can with dis-
tilled water (diH2O) to simulate rain that could wash or splash 
zoospores and deciduous sporangia from the bark. The sprinkling 
can head had a 1-mm-diameter pore size and held a volume of  
5 liters. Six 1-gallon Rhododendron ‘Catawbiense Grandiflorum’ 
plants, a rhododendron variety susceptible to P. ramorum (57), 
were placed around the logs to serve as trap plants. One plant was 
placed in the control cage. For nine of the logs, eight d’Anjou 
pear fruit also were placed at a distance of ≈20 cm from the logs 
and one fruit was placed in the control cage on a weekly basis. 
D’Anjou pear have been used successfully to bait P. ramorum 
from soil and streamwater (described below). In addition to the 
trap plants, water was collected from the log and control cages 
and filtered as described for rainwater (described below) to assess 
the presence of inoculum in the runoff water from the infected 
logs. Each trial lasted for 8 weeks. In all, 430 liters of runoff 
water were tested from the log cage, and 65 liters were tested 
from the control cage. At the end of the 8-week period, viability 
of P. ramorum in oak logs was tested again via isolation from 
infected bark pieces plated on PARP. 

To more directly assess the potential for sporulation of  
P. ramorum on coast live oak bark, four pieces of canker-affected 
bark were removed from the ends of 15 of the logs in the growth 
chamber experiment to observe in moist chambers in the labora-
tory. Logs from which cankers pieces were cut were collected 
during February to June 2003. Each canker piece measured ≈5 by 
9 cm at the surface of the bark, and extended ≈6 cm into the tree. 
Therefore, pieces included outer bark, phloem, and xylem. Can-
ker-affected bark pieces were placed in clear plastic moist cham-
bers (crispers) (17 cm long by 12 cm wide by 7 cm high) with the 
outer bark side up. To maintain high moisture levels, diH2O was 
added up to 0.5 to 1 cm below the surface of the outer bark, the 
surface of the bark was regularly misted with diH2O to maintain a 
film of water on the bark, and crispers were sealed with Vaseline. 
The surface of the bark was checked for the presence of spores 
with a dissecting scope on a weekly basis for 6 weeks. In 
addition, hyphae extending from exposed phloem on the side sur-
faces of the piece were monitored and plated on PARP to verify 
the presence of P. ramorum. 

Bay laurel leaves. Infected bay laurel leaves were collected 
from trees at FOP and floated on diH2O to test for spore produc-
tion. In each of three trials, one infected leaf was collected from 
each of 20 trees separated spatially throughout the preserve study 
site for a total of 20 leaves. In the first two trials, conducted in 
May and June 2002, respectively, two to six leaf disks were cut 
from the leaf lesion and floated on approximately 8 ml of diH2O 
in 15-ml petri dishes. Disks were examined daily for 1 week, and 
then once at 2 weeks, for the presence of sporangia and chlamy-
dospores. In the third trial, in February 2003, entire infected 
leaves were placed on a plastic grid in a moist chamber (crisper) 
(17 cm long by 12 cm wide by 7 cm high) with diH2O added just 
to leaf level. In this trial, leaf material was examined with the dis-
secting scope at 3 days and then weekly thereafter for 6 weeks for 
the presence of sporangia and chlamydospores. 

Infected bay laurel leaves at FOP were observed on site for spo-
rangia production on two dates (14 March 2003 and 25 April 
2003) approximately 24 h into a rainstorm. An infected leaf was 
collected from each of 20 trees throughout the preserve study site. 
Leaves were kept moist and immediately carried to the dissecting 
scope for observation. Presence or absence of sporangia on the 
leaves was noted. 

On the second date, inoculum levels per leaf were quantified af-
ter observation. The necrotic section of the leaf, in addition to a 
border of healthy, green tissue, was cut and placed in a 2-ml snap-
cap tube with 1.5 ml of sterile diH2O. Virtually all sporangia were 
observed on the lower side of the leaf; therefore, the leaf was put 
in the tube with the upper side touching the tube wall. Leaves in 
tubes then were placed on ice for 45 min to shock any sporangia 
into releasing zoospores. Afterward, tubes were incubated at 20°C 
for 12 h to encyst zoospores, allowing for a more uniform mixture 
to determine concentration. Tubes then were vortexed, and 200 µl 
was plated onto PARP plates. Colonies were counted at 24 and  
48 h to determine the number of zoospores present on bay laurel 
leaves under natural conditions. 

The effect of temperature on sporangia production from bay 
laurel leaves was tested in the laboratory. To ensure bay laurel 
leaves were infected with P. ramorum to an equal extent, experi-
mental leaves were inoculated in the laboratory. Ten leaves from 
each of 15 trees at FOP were collected. Each set of 10 leaves was 
infected with a zoospore solution (approximately 105 spores per 
ml) from an isolate that had been recovered from the same tree as 
the set of leaves. Then, from each set of 10 leaves, 6 leaves with 
the largest lesions were selected for the temperature experiment. 
These leaves were surface sterilized in 70% EtOH for 60 s to kill 
remaining zoospores and any sporangia that had formed during 
the inoculation process. One leaf from each of the 15 trees was 
then randomly assigned to one of six temperature treatments (5, 
10, 15, 20, 25, and 30°C), for a total of 15 leaves in each treat-
ment. For each temperature treatment, a disk was cut from the 
border of the lesion on each of the 15 leaves with a quarter-inch 
hole punch and floated on 1 ml of sterile diH2O in a 24-well plate. 
Plates then were incubated at the prescribed temperature for 48 h. 
After incubation, all plates were set at 4°C for 30 min to shock 
any sporangia present, and then set at room temperature for 1 h to 
allow for zoospores release. Leaf disks were removed and plates 
set at 5°C for 12 h to allow zoospores to encyst to facilitate 
quantification. To quantify the number of zoospores produced, 
50- and 100-µl aliquots from each well were plated on PARP. 
Colonies were counted at 24 and 48 h and results calculated for 
total number of zoospores produced by each leaf disk at a given 
temperature. Results from the two aliquots were averaged. Differ-
ences in numbers of zoospores produced at each temperature were 
analyzed with analysis of variance (ANOVA). To meet the as-
sumptions of ANOVA, temperature treatments that resulted in no 
zoospore production were excluded from the statistical analysis.  

Transmission pathways and seasonality of inoculum. Once 
spores of Phytophthora are produced, they typically can move 
through rain splash, soil, and streamwater (45). These substrates 
were sampled for inoculum of P. ramorum throughout 2001 to 
2003 to determine when inoculum was present. The distance  
P. ramorum could spread via each of these pathways also was 
investigated. 

Rainwater. Rainwater was collected in traps placed throughout 
the FOP study site. Rain traps consisted of a vinyl sheet (165 by 
75 cm) stretched over a polyvinyl chloride (PVC) frame and 
folded into a funnel with a 3.8-liter (1-gallon) collecting jar at the 
bottom. Traps were set up in February 2001 and used to collect 
rainfall throughout the year until October 2003. Initially, 24 traps 
were placed in the woodland around infected coast live oak and 
bay laurel trees. An additional 6 traps were installed in March 
2001 for a total of 30 traps. 

During the rainy season, rainwater was collected from individ-
ual storm events (duration 1 to 6 days) approximately every 10 
days. During the summer, rainstorms were a rare event, and all 
rainfalls of 0.5 liters or more were collected. After collection, 
rainwater either was processed that day or allowed to sit overnight 
at 4 to 5°C before processing. Processing consisted of filtering the 
rainwater through miracloth (VWR 80058394) to remove coarse 
debris and then through a millipore glass fiber prefilter (Fisher 
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APFD04700090500) with a capture size of 2.7 µm. The smallest 
P. ramorum propagules, zoospores, are approximately 10 µm in 
diameter. Consequently, all spores would be caught by the filter. 
The filter then was cut into strips and placed filtrate side down on 
PARP. After 3 to 4 days, strips were removed and colonies of  
P. ramorum were counted under the microscope by marking the 
position of the colony on the plate. Plates then were examined 
every 3 to 4 days until 14 days after the initial plating to mark any 
additional colonies. At 21 days after the initial plating, a final 
check was made to verify that marked colonies matched  
P. ramorum morphology. The actual P. ramorum colonies then 
were counted. When there were large numbers of colonies, only a 
subset of the plate was counted. One colony was used as an indi-
cation of one viable propagule of P. ramorum. Results were calcu-
lated in terms of colony forming units (CFU) per liter. 

Statistical analyses were used to characterize patterns in spore 
production data. Differences in the quantity of spores produced in 
each rainy season were tested with a one-way ANOVA. The 
ANOVA was weighted by the inverse of the variance of the 
residuals (41,56) because standard transformations did not control 
for unequal variances among treatment means as indicated by a 
Levene’s test (33). Variation in spore production with time (days) 
throughout the rainy season was tested separately for each year 
using linear regression. A standard Bonferroni correction was ap-
plied to each of the three analyses to correct for type 1 error due 
to multiple tests of a common hypothesis (51). For each of the 
two complete rainy seasons (2001–02 and 2002–03), stepwise lin-
ear multiple regression was used to test the predictive value of 
mean daily high temperature, mean daily low temperature, and 
mean daily precipitation on mean CFU/liter for all traps during 
the rain event. The stepwise criterion was run with a backwards 
direction with P > 0.1 for F for variable removal. These analyses 
and all others in this article were performed with JMP-IN 5.1 
(48). 

Weather data for analyses were obtained from FOP (J. Clothier, 
unpublished data). The FOP weather station stands in the open in 
a small meadow within the research site. Daily high and low tem-
peratures were measured with a mercury max-min thermometer 
and cumulative daily precipitation was measured with a manual 
rain gauge. Daily high, low, and average air temperature also was 
measured with a Campbell HMP45C-L10 temperature and rela-
tive humidity probe under nearby forest cover from March 2003 
to March 2004. Weather data measured under forest cover were 
significantly correlated (P < 0.0001) with data taken in the open 
during this same period (R2 = 0.71 to 0.72), indicating that the 
FOP weather station data used in analyses were reflective of 
forest conditions. However, low and high temperatures were less 
extreme under forest cover (J. Clothier, unpublished data;  
J. Davidson, unpublished data). 

To determine the distance that inoculum travels in rainwater 
and to construct initial estimates of the distance that P. ramorum 
could spread during a single rainstorm, rainwater was collected in 
7.5-liter buckets placed in a meadow in 12 transects extending out 
from infected bay laurel trees at the forest–meadow edge. Tran-
sects extended out to the southwest in the direction of prevailing 
winds (J. Clothier, personal communication). For each transect, 
buckets were placed at 0 and 5 m, for a total of 12 buckets at each 
distance. Because the meadow narrowed, buckets were placed at 
10 m for only 11 of the 12 transects, for a total of 11 buckets. In 
addition, for two transects, buckets were placed at 15 m from the 
forest edges. Rainwater was collected during five rain events and 
assessed for spores as described for the forest rain traps to deter-
mine the quantity of propagules that traveled a given distance 
from the inoculum source. The effect of distance from source (0, 
5, and 10 m) on the quantity of propagules was assessed with 
linear regression. If no propagules were found at any of the three 
distances for a transect on a given rain date, those data were 
excluded from analysis. 

Soil and litter. Beginning in 2001, soil and litter were collected 
on a monthly basis from around the base of 15 diseased oak trees 
at the FOP study site to test for the presence of P. ramorum. Sam-
pling from soil and litter began in February and March 2001, re-
spectively, and continued through October 2003. Previous isola-
tions confirmed that all oak trees were infected by P. ramorum. 
Equal amounts of soil to a depth of 10 cm were collected from 
three separate spots within 1.5 m of the base of each tree and 
pooled to equal 500 g. A pooled quantity of 1,200 ml of leaf litter 
also was collected from three spots for analysis. A washed, green 
d’Anjou pear fruit was submerged into the soil or litter in each 
sample so that one-third of the pear was immersed, and diH20 was 
added to the sample until one-half of the pear was immersed in 
water. Samples were allowed to sit for 6 days at 18 to 23°C. Pear 
fruit then were removed, washed, and monitored for signs of Phy-
tophthora lesions. Tissue from likely lesions was plated on PARP 
selective medium to verify P. ramorum presence. The relationship 
between (i) positive soil samples and CFU/liter of rainwater and 
(ii) positive litter samples and CFU/liter of rainwater were as-
sessed with linear regression. 

From October 2002 to October 2003, percent soil water content 
was calculated for each of the 15 soil samples. From each sample, 
approximately 5 g of mixed, collected soil was placed in alumi-
num drying tins and the weight of the soil was measured before 
and after drying at 65°C for 5 days. 

Human spread of inoculum of P. ramorum via movement of in-
fested soil on shoes was monitored at the FOP study site by pear-
baiting soil from hiker’s shoes in two trials during April 2003. In 
each trial, soil samples were collected from the shoes of five 
schoolchildren who had hiked the same 2.4-km trail. Each soil 
sample was scraped into a separate 945-ml plastic bowl using 
sterile tongue depressors and a diH2O wash. This sampling was 
repeated on three consecutive days, with different groups of chil-
dren each day, for a total of 15 independent soil samples in each 
trial. Washed d’Anjou pear fruit were added to the soil mixture 
and the baiting procedure detailed in the soil monitoring section 
(described previously) was followed. Results were noted as the 
number of children transporting infested soil on their shoes. 

The potential for P. ramorum spores in soil to infect green 
leaves lying on the surface of the soil was tested. Moistened, ster-
ile potting soil was placed in a standard nalgene autoclave bin  
(45 cm long by 38 cm wide by 13 cm high) and inoculated with a 
suspension of encysted zoospores of P. ramorum to deliver ap-
proximately 65,000 spores evenly on the soil surface. Fifteen 
detached leaves of bay laurel were gently placed on top of the 
infested soil. The leaves were misted with diH2O, and the bin was 
wrapped in plastic and stored at room temperature (18 to 23°C) in 
the laboratory. Leaves were checked for signs of infection and 
misted weekly for 8 weeks. Symptomatic leaves were removed 
and plated on PARP to verify that lesions were caused by  
P. ramorum. Two trials of this experiment were conducted. 

In a second experiment, the potential for P. ramorum to spread 
from infested bay laurel green leaf litter to aerial parts of seed-
lings was tested. Six bay laurel seedlings (approximately 12 cm 
tall) in cone containers were placed in potting soil in a 68-liter 
Tupperware bin (50 cm long by 38 cm wide by 40 cm high). 
Symptomatic bay laurel leaves collected from multiple trees in 
infested coastal forests (China Camp State Park in Marin County, 
Marin Municipal Water District, and FOP) were placed as leaf lit-
ter on top of the soil around the bay laurel seedlings. Care was 
taken to ensure that seedling leaves did not touch the infected bay 
laurel litter leaves. A control bin also was set up with six bay lau-
rel seedlings, but no litter leaves. Each seedling bin then was 
placed within a cage of plastic sheeting inside of a growth cham-
ber with a 12-h day and day and night temperatures of 15 and 
12°C (trial 1) or 20 and 15°C (trial 2), respectively. Seedling bins 
were misted with diH2O for 20 s every 2 h. In addition, a rain 
treatment was applied two times per week. The rain treatment 
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consisted of watering the bin with a sprinkling can from a height 
of approximately 1 m for 25 s to simulate raindrops (described 
previously). Seedling leaves were checked biweekly for signs of 
infection for 8 weeks. Symptomatic leaves were plated on PARP 
to verify that the lesion was caused by P. ramorum. A positive  
P. ramorum lesion on a seedling leaf was counted as an incident 
of transfer of inoculum from the leaf litter source up to the seed-
ling leaves. Two trials of this experiment were conducted. 

Streamwater. The presence of P. ramorum in an ephemeral 
creek traveling through the study site at FOP was monitored. This 
waterway was a tributary of Copeland Creek and flowed only dur-
ing heavy rainstorms. The creek was sampled for P. ramorum 
twice during the 2001–02 rainy season, a particularly dry year, 
and at least once per month from January through May for a total 
of seven sampling periods during the 2002–03 rainy season, 
which had more consistent rainfall. Sampling consisted of placing 
one mesh bag with four washed d’Anjou pear fruit at each of 
three locations where watered pooled more slowly in the stream. 
Bags were floated with packing peanuts, packing bubbles, or fish-
ing floats to keep fruit at surface level where zoospores may be 
more likely to swim. Pear fruit were left in the stream for 4 to  
5 days and then removed, washed, and monitored for signs of 
Phytophthora lesions. Tissue from suspected lesions was plated 
on PARP to verify P. ramorum presence. 

In a second study, the presence of P. ramorum downstream of 
the FOP study site in Copeland Creek was monitored as an 
indication of how far P. ramorum could travel in streamwater. 
Rhododendron leaf baits were placed in the stream at FOP, and 
then downstream at 4 and 6 km during two sampling periods in 
the 2003 rainy season. The first site downstream (4 km from 
FOP) was still under coast live oak and bay laurel canopy. Leaves 
of bay laurel at this site were infected with P. ramorum. However, 
the second site (6 km from FOP) was downstream of forest by 1 
km in a riparian corridor extending through pasture. Bay laurel 
was absent along this 1-km stretch of the stream. Toxicodendron 
diversilobum (poison oak), a winter deciduous host of P. ramorum, 
occurred at very low abundance at the second site but was not 
symptomatic. No other known hosts were present, nor did the 
riparian plants appear symptomatic. Five baits consisting of a 
Rhododendron ‘Colonel Coen’ leaf in a 5-by-10-cm screen bag 
were tied on string and floated in the stream at each of the three 
sites. Rhododendron Colonel Coen is highly susceptible to  
P. ramorum (D. Rizzo, unpublished data). Baits were left in the 
stream for 2 weeks. Leaves then were removed and lesions plated 
on PARP to verify presence of P. ramorum.  

RESULTS 

Sources of spores. Coast live oak bark cankers. All tests for 
inoculum production on coast live oak were negative for spore 
production. None of the 157 exudate samples collected through-
out the rainy season resulted in growth of P. ramorum on PARP 
plates. For the logs with cankers in the growth chamber, none of 
the bait rhododendron plants or the bait pear fruit became infected 
with P. ramorum. However, P. gonapodyides was isolated from 
lesions on three pear fruit and identified using molecular diagnos-
tics. Similarly, no colony growth occurred from the 430 liters of 
runoff water collected and filtered from the log cage, although  
P. ramorum was re-isolated from 6 of the 18 logs at the end of the 
experiment by plating bark chips onto PARP plates. The control 
cage also was negative in all baiting and runoff water tests for  
P. ramorum. In addition, no spores (sporangia or chlamydospores) 
were observed on the intact outer bark surface of the canker 
pieces set in moist chambers. However, hyphae of P. ramorum 
grew from the cut surface of exposed phloem and extended out 
into the water from one canker piece each from 2 of the 15 trees. 
Chlamydospores were produced on the hyphae in the water. 
Hyphae were verified as P. ramorum by plating onto PARP. 

Bay laurel leaves. P. ramorum produced large numbers of spo-
rangia from infections on bay laurel leaves under laboratory and 
natural conditions. In the three trials conducted in laboratory 
moist chambers, 17/20 (85%), 18/20 (90%), and 20/20 (100%) 
leaves produced sporangia. In addition, in the first two trials, 
which were surveyed daily, the majority of bay leaves (85 and 
55%) produced sporangia within 48 h. Chlamydospores also were 
present on the surface of most leaves in the three trials (80, 80, 
and 100%). From the field observation of bay laurel leaves under 
natural conditions during storms, 19/20 (95%) and 15/20 (75%) 
produced sporangia. For the second field trial, the mean number 
of zoospores produced from sporangia on leaves was 1,173.0 ± 
SE 301.48 and the range was 0 to 5,265 spores. Although zoo-
spores were not quantified for the first field trial, observations 
indicated that numbers of sporangia were much greater than in the 
second trial. 

Temperature significantly affected the production of sporangia 
from bay laurel leaves in both laboratory trials (trial 1: F = 8.18, 
df = 4, P < 0.0001, n = 75; trial 2: F = 3.36, df = 4, P = 0.01, n = 
75) (Fig. 1A and B). Zoospores were produced at all temperatures 
except for 30°C, and ranged up to 2,460 spores per leaf disk at 
15°C. In the first trial, the number of zoospores produced at 15°C 
was significantly higher than the numbers produced at 5, 10, and 
25°C (Tukey’s honestly significant difference [HSD], P < 0.05). 
The number of zoospores produced at 20°C was significantly 
higher than the number produced at 5°C (P < 0.05), and tended to 
be higher than the numbers produced at 10 and 25°C. In the 
second trial, there were fewer significant differences in zoospore 
production between the different temperatures; only the 25°C 
treatment was significantly higher than the 5°C treatment (P < 
0.05). However, the numbers of zoospores produced at 15 and 
20°C tended to be higher than the numbers produced at 5 and 
10°C.  

Transmission pathways and seasonality of inoculum. Rain-
water. P. ramorum was recovered from rainwater. The concentra-
tion of CFU in rainwater as quantified on PARP plates varied 
greatly among individual trap sites in the forest, throughout the 
rainy season, and among the 3 years (Fig. 2B). Mean CFU/liter 
for individual traps ranged between 0.11 and 34.61, with an over-
all mean of 11.69 ± SE 1.93. CFU/liter varied significantly among 
the 3 years (least squares means 2000–01: 0.33 ± SE 0.77 versus 
2001–02: 0.49 ± SE 0.99 versus 2002–03: 31.77 ± SE 6.86; F = 
10.38, df = 2, P = 0.0003, n = 37). The 2002–03 season showed 
significantly higher spore production than the other two years 
(Tukey’s HSD, P < 0.05). For the 2 years in which spore produc-
tion was quantified throughout the entire rainy season, spore 
production was absent or low for the first part of the rainy season 
and highest at the end of the rainy season (2001–02: F = 7.73, P = 
0.02, r2 = 0.37, n = 15; 2002–03: F = 8.34, P = 0.01, r2 = 0.43,  
n = 13). The relationship between spore production and time 
(days) into the rainy season was nonsignificant for 2000–01, the 
first year of the study. However, data collection did not begin until 
midway through the rainy season in February 2001. Possible 
explanatory variables for the observed seasonal pattern in 2001–
02 and 2002–03, such as mean daily high temperature, mean daily 
low temperature, and mean daily rainfall during a rain event, were 
not consistently correlated with spore production in both of the 
two complete rainy seasons (Fig. 2A and B). In 2001–02, mean 
high daily temperature was significantly correlated with CFU/liter 
(F = 4.72, P = 0.05, r2 = 0.28, n = 12). In 2002–03, there were no 
significant models with these variables (P > 0.2). P. ramorum was 
not recovered from isolated rain events during the summer months. 

Spore movement in rainwater from the forest edge to rain trap 
buckets placed in the meadow declined with distance from the 
forest edge (Fig. 3) (F = 6.25, P = 0.01, r2 = 0.07, n = 84). Over-
all, of the 60 samples on five rain dates from the buckets at 0 m, 
24 (40%) were positive. Although most of the 5- and 10-m sam-
ples were negative, propagules did reach these buckets for 9/60 
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(15%) 5-m samples and 6/60 (10%) 10-m samples. When  
P. ramorum was recovered at these distances, the inoculum load 
could be quite high. The highest counts of 530 and 437 CFU/liter 
for 5 and 10 m, respectively, both occurred with the rain event of 
16 to 22 April 2003 (as did the highest count for 0 m). In addition, 
one of the two 15-m samples was positive for P. ramorum from 
the 12 to 13 April rain event. A single colony of P. ramorum grew 
from this 15-m sample. 

Soil and litter. Soil and litter contained viable propagules of  
P. ramorum (Fig. 2C and D). Percent positive samples ranged 
from 0 to 93 and 0 to 100% for soil and litter, respectively. The 
percentage of positive samples of soil and litter were significantly 
correlated with the mean CFU/liter for all rain events by month 

(soil: F = 15.15, P = 0.001, r2 = 0.46, n = 20; litter: F = 22.23,  
P = 0.0002, r2 = 0.57, n = 19). The greatest percentage of positive 
samples occurred in 2003, the year with the most precipitation 
late in the rainy season and the highest concentration of spores in 
rainwater. Propagules were not detectable during the summer dry 
season in either soil or litter beginning in June 2001 and 2002 and 
July 2003. In 2003, when soil water content was monitored, the 
failure to detect P. ramorum in soil during the summer coincided 
with a drop in mean soil water content to <15%. 

P. ramorum was recovered from the soil of hikers’ shoes after 
they walked 2.4 km on a preserve trail. Soil from shoes yielded 
7/15 (46.7%) and 5/15 (33.3%) positive samples during the two 
trials in April 2003. 

Inoculum spread from infested soil to infect green leaf litter 
and, in a second experiment, from infested green leaf litter to the 
aboveground leaves on seedlings. In the first experiment, testing 
the transmission of P. ramorum from zoospores in soil to green 
bay laurel leaves on the soil surface, 6/15 (40%) and 1/15 (6.7%) 
of bay laurel leaves were infected in the two trials by the end of 
the 6-week period. In the second experiment, 3 and 10 bay laurel 
leaves on seedlings were infected from infested leaf litter during 
the first and second trials, respectively. No control seedling leaves 
were infected. 

Streamwater. P. ramorum was recovered from the ephemeral 
stream at FOP using pear baiting during one of two sampling 
periods in 2001–02 and five of seven sampling dates during the 
2003 rainy season. In 2003, the percentage of positive pear fruit 
was greatest toward the end of the rainy season during March, 
April, and May. In the 2003 downstream sampling, P. ramorum 
was recovered at the forested site and the riparian site in pasture 4 
and 6 km from the preserve, respectively. In the first trial, FOP 
and the two sites were positive for P. ramorum. In the second 
trial, only the forested site was positive for P. ramorum. Drying of 
the ephemeral stream at FOP may have prevented infection of 
leaves at this site in the second trial.  

DISCUSSION 

Although P. ramorum appears remarkable in its ability to infect 
many hosts, spread into new geographic areas, and escape from 
nursery settings, its pathways of transmission are predictably con-
sistent with those of other aerial Phytophthora spp. Propagules of 
P. ramorum found in rainwater collected from this infested coast 
live oak–bay laurel forest ranged up to 510 CFU/liter. Given that 
propagules of P. ramorum were present in rainwater, it is not 
unexpected that they also would occur on or in substrates where 
rain falls, such as soil, litter, and streamwater. Other aerial Phy-
tophthora spp. such as P. cactorum, P. capsici, P. palmivora, and 
P. parasitica disperse via rain splash from infections on above-
ground plant parts (3,4,18,23,27,35,44,49). Many Phytophthora 
spp. have been found to be present in or to disperse from soil, in-
cluding P. botryosa, P. cactorum, P. cinnamomi, P. lateralis,  
P. megakarya, P. palmivora, and P. syringae (12,17,20,34,50,59). 
Likewise, a number of species such as P. capsici, P. cinnamomi,  
P. gonapodyides, and P. lateralis disperse via watercourses (7,19, 
20,31,59). 

The source of P. ramorum inoculum in rainwater in mixed-
evergreen forests is most likely sporangia and zoospores produced 
from infections on bay laurel leaves. Of the infected bay laurel 
leaves tested in the laboratory, 85 to 100% produced sporangia. 
Our measurement of zoospores produced on bay laurel leaves un-
der natural field conditions averaged 1,173.0 ± SE 301.48 spores 
per leaf. This is a large quantity considering that tens to hundreds 
of leaves generally are infected on each tree, combined with the 
high incidence of infection (81.9%) on bay laurel trees in our 
main woodland study site. 

In this study, sporangia were observed almost entirely on the 
underside of infected bay laurel leaves. Production of sporangia 

Fig. 1. Mean number ± SE of zoospores produced on infected bay laurel leaf
disks incubated at various temperatures in experimental trial 1 (A) and trial 2 
(B). The 25°C temperature may be a threshold temperature for direct germina-
tion of sporangia versus zoospore production (D. Rizzo, unpublished data), 
potentially leading to large differences in the number of zoospores produced
per leaf at this temperature. Daily high temperatures during rain events at the
Fairfield Osborn Preserve study site rarely reach 25°C.  
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on the underside of leaves does not appear to be due to moisture 
requirements, because the underside of leaves often were ob-
served to dry faster than the topside of leaves where water pooled 
at the drip tip. Instead, sporangia may be formed on the underside 

of the leaf due to anatomical constraints such as the position of 
the stomates on the lower side of the leaf or thicker cuticle on the 
top versus the bottom of the leaf. Protection from deleterious UV 
light also may lead to evolution of abaxial sporangia production. 

 

Fig. 2. A, Weather conditions, B, concentration of inoculum (CFU) in rainwater, C, percent positive soil samples, and D, percent positive litter samples for the 
period of January 2001 through October 2003. Mean high temperatures in A correspond to each monitored rain event in B.  
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Our experimental evidence demonstrates the importance of bay 
laurel leaves for inoculum production by P. ramorum. This coin-
cides with previous forest surveys that correlated the presence of 
bay laurel trees with P. ramorum infection on oak and tanoak 
trees in California forests across the landscape (30,52). In addi-
tion, P. E. Maloney (unpublished data) found higher levels of in-
oculum in rainwater collected from under bay laurel trees com-
pared with under other tree species in tanoak–redwood forest in 
California. 

The significance of bay laurel leaves for transmission of  
P. ramorum has been established only for forests in California.  
P. ramorum may not be spreading as quickly in Oregon as it is in 
California, although bay laurel is present at infested forest sites 
(E. Hansen, unpublished data). Interactions between bay laurel 
and P. ramorum populations at other sites need to be researched to 
predict transmission pathways for P. ramorum throughout differ-
ent forest types in its present and potential geographic range. 

In contrast to the foliar infections on bay laurel, trunk infec-
tions on coast live oak do not appear to be a source of inoculum. 
Although P. ramorum can cause mortality of oak trees, it does not 
appear to reproduce from infected bark. Therefore, in forests, 
coast live oak can be considered an epidemiological “dead end” 
host for P. ramorum. 

Theory based on single-host pathogens suggests that evolution 
of virulence on a host usually is inversely related to the degree to 
which the pathogen can reproduce from the host (60). Although  
P. ramorum is a multihost pathogen, the nonlethal foliar infec-
tions of bay laurel and the lethal infections on oak trunks appear 
consistent with theory. Based on the high capacity for reproduc-
tion from bay laurel leaves, P. ramorum should evolve nonlethal 
infections on this host. However, given that P. ramorum cannot 
reproduce from oak trees, there is no selection pressure for de-
creased virulence. Alternatively, given that P. ramorum is likely to 
have been introduced within the past 20 years (46,47) and has not 
had much evolutionary time with plant hosts in California wood-
lands, it may be that levels of virulence do not reflect evolutionary 
trajectories within the California geographic range, but are reflec-
tive of evolution on similar hosts in the pathogen’s native range. 

Although spores were not noted on the intact bark surface of 
the oak cankers in the moist chamber experiment, hyphae of  
P. ramorum did grow from the cut surface of phloem into the 
water and formed chlamydospores for 2 of the 15 trees. This does 
not represent transmission under natural situations where oak 
trees are standing and the bark is intact, but may pose a risk for 
timber or firewood that is cut to expose infected phloem and then 
stored in moist areas where water puddles. 

Detectable levels of P. ramorum inoculum were present in 
mixed-evergreen forest largely during the period of winter rains, 
and were absent during the hot, dry summer. This is consistent 
with the fact that Phytophthora spp. generally require very high 
moisture levels nearing 100% humidity for sporangia production 
(12). Interestingly, we observed a lag period between the start of 
the rains and the onset of detectable inoculum production for 
three consecutive years that may be characteristic of sporangia 
production from bay laurel leaves in mixed-evergreen forest (Fig. 
2A and B). This lag may be due to a considerable decrease in the 
inoculum reservoir during the hot, dry summer months through (i) 
abscission of infected leaves from the canopy and (ii) death or 
deep dormancy of P. ramorum in the majority of remaining at-
tached, infected leaves (J. Davidson, unpublished data). The onset 
of detectable inoculum production in mixed-evergreen forest may 
depend on breaking dormancy for isolates that over-summered in 
bay laurel leaves, and a subsequent build-up of infection on bay 
laurel leaves. 

Temperature also may influence the quantity of sporangia pro-
duced on leaf tissue in the early rainy season once dormancy is 
broken. P. ramorum produced sporangia in laboratory studies at 
temperatures that were similar to average rain event temperatures 
at the field site during the coldest early winter rains. However, the 
laboratory trials suggest that lower temperatures during these 
early rains may lead to lower sporangia production, and thereby 
contribute to the observed lag period. At lower temperatures, 
insufficient numbers of sporangia may be present to meet thresh-
old levels for infection. In addition, for a given inoculum concen-
tration, infection rates on bay leaves are decreased at lower 
temperatures (26). Slower accumulation of new infections on bay 
leaves during early winter rains would limit the build-up of inocu-
lum in the forest. 

Although temperature may influence the quantity of sporangia 
produced, the relationship between temperature and sporulation in 
the field is not always consistent and may be confounded by other 
factors. Concentration of CFU in rainwater increased significantly 
toward the end of the rainy season in the spring of each of the two 
complete years that were monitored. In 2001–02, this increase in 
CFU/liter was positively correlated with temperature: mean high 
temperatures during rain events dropped in December, January, 
and February, and then increased in March, April, and May when 
CFU/liter increased. However, in 2002–03, temperature was not 
predictive of CFU/liter. In this year, mean high temperatures 
dropped only in December, and then were generally higher, but 
did not significantly increase throughout the rest of the season 
even though CFU/liter continued to rise (Fig. 2A and B). Other 
factors associated with the late rainy season apart from tempera-
ture may drive the pattern of higher spore production. For exam-
ple, incidence of infection on bay laurel leaves in mixed-ever-
green forest increases throughout the rainy season (J. Davidson, 
unpublished data), and higher numbers of infected bay laurel 
leaves at the end of the rainy season may lead to higher concen-
trations of inoculum in rainwater. 

Regardless of the mechanism underlying increased spore pro-
duction in mixed-evergreen forests at the end of the rainy season, 
extended rains, particularly in wet or El Niño years, may be pulse 
years for heightened inoculum pressure and significantly in-
creased infection incidence on coast live oak trees and other hosts 
(46). For example, the peak of April rains in 2003 (Fig. 2A) may 
have contributed toward the two-order-of-magnitude increase in 

Fig. 3. Concentration of inoculum in rainwater collected in buckets placed in a
meadow at 0, 5, and 10 m from infected bay laurel trees at the forest edge.
Although concentration of spores declined with distance from the forest edge,
9/60 (15%) of the 5-m samples and 6/60 (10%) of the 10-m samples were
positive for Phytophthora ramorum.  
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spore production over the previous 2 years, and a corresponding 
10.4% increase in infection incidence on coast live oak at the 
study site. Swiecki and Bernhardt (53) also reported an increase 
in oak infections in their field plots following the 2003 rains, in 
contrast to no new infections in the previous 2 years. The epi-
demic mortality on coast live oak trees 1 to 2 years after the 1998 
El Niño also may be representative of this process. 

Extended rains in April 2003 cannot solely explain the two-or-
der-of-magnitude increase in inoculum in rainwater during the 
2002–03 rainy season. Markedly higher levels of spore production 
were evident beginning in January 2003 (Fig. 2A and B). Only 
through long-term monitoring and experimentation will we have 
the opportunity to understand remarkable seasons like 2002–03 
and to identify additional mechanisms underlying upswings in 
epidemiological cycles of P. ramorum. 

Inoculum of P. ramorum was not detected in soil or litter 
shortly after the rains stopped or throughout the summer months 
using pear baiting methods. This indicates that soil and litter were 
no longer infective using our method of wetting the soil for 6 days. 
However, the viability of P. ramorum propagules, especially 
dormant chlamydospores, in soil is still in question. Additional 
baiting methods designed to break dormancy of resting spores 
should be employed to further test viability of P. ramorum inocu-
lum in soil during summer periods of increased temperatures and 
markedly lower soil moisture. It is necessary to understand 
whether soil can serve as a reservoir of inoculum during the sum-
mer months and a source of primary inoculum once the winter 
rains arrive. 

This study provides the first estimates of the distances that  
P. ramorum can travel through rain splash, streamwater, and soil. 
Although dispersal distance in rainwater was tested on only five 
rain dates, rain splash carried spores of P. ramorum over distances 
of 5 and 10 m on four and three of the sampled rain dates, respec-
tively. On one date, a propagule traveled to the 15-m rain bucket. 
Consequently, movement of spores in windblown rain over dis-
tances of 5 and 10 m probably is not unusual in unobstructed 
space, such as above the canopy or into gaps. Unusually high 
winds associated with rarer storm events may blow raindrops with 
spores over distances greater than 15 m and potentially serve as 
unique long-distance dispersal events that increase transmission 
rates and create new infection centers. Other estimates of move-
ment of sporangia of Phytophthora spp. in windblown rain in-
clude P. capsici and P. palmivora moving 3 and 12 m, respec-
tively (35,44). 

P. ramorum has great potential to move over long distances 
through dispersal via streamwater. This study detected the pres-
ence of P. ramorum by rhododendron leaf baiting at a riparian site 
in open pasture 1 km downstream from coast live oak–bay laurel 
forest. This is not surprising given that P. ramorum zoospores can 
survive up to 6 months in diH2O in the laboratory (J. Davidson, 
unpublished data). Long-term survival of spores in water will al-
low for long-distance movement in running streamwater depend-
ing on water speed, buoyancy of spores, chemical composition of 
water, and predation of spores. P. lateralis, a root pathogen, has 
spread many kilometers along stream courses via infecting roots 
of Port-Orford cedar (Chamaecyparis lawsoniana) that border the 
stream (20,29). P. ramorum is an aerial pathogen; therefore, 
movement to aerial parts of plants will be necessary for infection. 
This could occur through infection of overhanging branches (7), 
movement via wading animals, or movement via human removal 
of water for agriculture or dust abatement (32,37,39,54). 

Infested soil has the potential to spread P. ramorum over both 
long and short distances. This study demonstrated a transmission 
pathway by which P. ramorum could spread from infested soil to 
bay laurel green leaf litter and then infect leaves of bay laurel 
seedlings via splash dispersal. Under natural conditions, this 
could involve infection of bay laurel green leaf litter blown down 
in winter storms and the subsequent infection of forest bay laurel 

seedlings. Other studies also have demonstrated the movement of 
direct splash dispersal of Phytophthora spp. from soil to infect 
stems, leaves, and fruits of plants (12,17,34). Our finding of the 
infested soil on the shoes of hikers at FOP demonstrates a sub-
stantial risk for long-distance movement of inoculum (see also 55) 
and then infection of plants from soil by the processes described 
above. Long-distance dispersal events often are key events in the 
rapid spread of pathogens to new geographic locations (8). 

This article describes mechanisms of transmission for P. ramor-
um involving spore production and movement in mixed-evergreen 
forests dominated by coast live oak and bay laurel. Spores of  
P. ramorum are produced from nonlethal foliar infections on bay 
laurel and then, like other aerial Phytophthora spp., spread over 
significant distances within woodlands via rain splash, stream 
flow, and movement of infested soil. These transmission pathways 
make P. ramorum difficult to contain once it establishes in a 
mixed-evergreen forest. Future research should investigate the 
next step in the disease cycle and determine requirements for 
infection of both bay laurel and coast live oak. Investigations also 
are needed to characterize the over-summering reservoir inoculum 
in bay laurel leaves that will serve as the primary inoculum source 
during the subsequent rainy season. These studies should be ex-
tended to multiple populations of dominant host species in other 
forest types to effectively forecast infection periods for P. ramorum 
in the numerous forest types and climates throughout its geo-
graphic range.  
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