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Phytophthora ramorum as the Cause of Extensive Mortality  
of Quercus spp. and Lithocarpus densiflorus in California 

D. M. Rizzo, Department of Plant Pathology, University of California, Davis 95616; M. Garbelotto, Department of 
Environmental Science, Policy and Management, Ecosystem Science Division, University of California, Berkeley 
94720; J. M. Davidson and G. W. Slaughter, Department of Plant Pathology, University of California, Davis; and 
S. T. Koike, University of California Cooperative Extension, 1432 Abbott Street, Salinas, CA 93901 

Over the past 7 years, a previously un-
described disease of tanoak (Lithocarpus 
densiflorus), coast live oak (Quercus agri-
folia), and California black oak (Q. kellog-
gii) has been reported from central Cali-
fornia (12,20). The disease has been 
associated with very high mortality of trees 
in wildlands and the urban–wildland inter-
face (Fig. 1) and is primarily found in 
coastal regions just north and south of the 
San Francisco Bay. Named “sudden oak 
death” in the popular press, the whole 
crown of affected trees often appears to die 

rapidly; the foliage may turn from a 
healthy green color to brown over a period 
of several weeks (12,20). There have been 
previous reports of high levels of oak mor-
tality associated with extended periods of 
drought in California (16,29), but the cur-
rent extent and level of mortality appear to 
be unprecedented in recent history. 

The most consistent and diagnostic 
symptom of the disease on larger trees is 
the development of cankers that have 
brown or black discolored outer bark on 
the lower trunk and that seep dark red sap 
(Fig. 2) (12). These cankers develop before 
foliage symptoms become evident (12). 
Such discoloration and bleeding are com-
mon symptoms associated with infection 
by Phytophthora spp. on oaks (5,21,28). 
Consistent with this observation, we iso-
lated a species of Phytophthora from dis-
eased L. densiflorus and Quercus spp. in 
Marin County during June 2000 (12). Sub-
sequently, we recovered this pathogen 
throughout the range of the reported tree 
mortality; Phytophthora consistently was 
associated with bleeding cankers on the 
trunk and rapid browning of foliage (12). 

Several Phytophthora spp. are known to 
cause oak mortality. Phytophthora cinna-
momi has been implicated in large-scale 

oak mortality in native forests of southern 
Europe (2,5,10,24) and central Mexico 
(28). In California, P. cinnamomi, P. cacto-
rum, and P. citricola have been shown to 
cause root and crown rot in landscape and 
ornamental plantings of oak (21). These 
pathogens often have been associated with 
wet soils found in low-lying areas or over-
irrigated sites. In contrast, the distribution 
of this new Phytophthora sp. in natural 
forests of coastal California lacked a strict 
association with saturated soils or the pres-
ence of water (12). Symptomatic trees have 
been observed on dry hillsides and ridge 
tops. Furthermore, typical cankers ap-
peared exclusively on the trunk and 
branches of infected trees (12), rather than 
in the roots, where infections are com-
monly initiated by most of the other spe-
cies of Phytophthora associated with oaks. 

The objectives of this study were to de-
termine the etiology and distribution of this 
new canker disease of L. densiflorus and 
Quercus spp. Our results indicate that a 
new species of Phytophthora, P. ramorum, 
is consistently associated with the current 
extensive oak mortality in central coastal 
California, and that its pattern of attack is 
distinct from that of other known Phy-
tophthora spp. causing disease of oaks. 

MATERIALS AND METHODS 
Field survey. Symptomatic and dead 

trees were located based on reports from 
farm advisors, Cooperative Extension spe-
cialists, California Department of Forestry 
personnel, United States Department of 
Agriculture Forest Service pathologists, 
arborists, researchers, and homeowners. At 
each site, samples were collected from 
individual trees that had symptoms charac-
teristic of Phytophthora infection, and the 
samples were taken to the laboratory for 
isolation. 

Specific locations of sampled trees were 
noted using global positioning system 
(GPS) equipment (Trimble Corp., Sunny-
vale, CA) and entered into a monitoring 
database maintained by Dr. Maggi Kelly, 
University of California, Berkeley. Addi-
tional data collected with each sample 
included host species, description of symp-
toms, tree diameter at 1.4 m above ground 
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Fig. 1. Examples of mortality of forest trees in California caused by Phytophthora ramorum. A, Mortality of Quercus agrifolia and Lithocarpus densiflo-
rus in Pfeiffer Big Sur State Park, Monterey County. B, Mortality of Q. agrifolia and Q. kelloggii in a mixed evergreen forest in Marin County. Additional 
overstory species in the area include Umbellularia californica, Arbutus menziesii, and Pseudotsuga menziesii. C, Dead and dying overstory L. densiflorus
in a Douglas fir-tanoak forest in Marin County. Trees to the left of the dead L. densiflorus are mostly P. menziesii; trees to the right include A. menziesii 
and Acer macrophyllum. D, Mortality of L. densiflorus saplings in the understory of a redwood forest in Marin County.  

Fig. 2. Symptoms of infection by Phytophthora ramorum on Quercus agrifolia. A, Bleeding canker on
lower trunk just above soil line. B, Same canker with outer bark removed to show canker margin in phloem.  

 

Fig. 3. Microscopic characters of Phy-
tophthora ramorum. A, Semipapillate spo-
rangia. Sporangia in upper right has germi-
nated directly. Sporangia are approxi-
mately 60 µm in length. B, Typical thick-
walled, pigmented chlamydospores. Chla-
mydospores are approximately 80 µm in 
diameter.  
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(diameter at breast height, dbh), forest 
type, overall stand health, and the location 
of the sampled trees relative to other symp-
tomatic trees. Where possible, samples 
were collected from several trees at each 
location. 

Pathogen isolation and identification. 
Samples were taken from trees with bleed-
ing cankers by cutting into the inner bark 
in the area directly around the oozing sap 
until a canker margin was evident (Fig. 2). 
For understory tanoaks showing branch 
dieback, bark was removed from affected 
shoots to reveal discolored lesions. Pieces 
of phloem and xylem were removed from 
canker and lesion margins and placed in 
petri dishes (either in the laboratory or in 
the field) containing pimaricin-ampicillin-
rifampicin-PCNB agar (PARP), a selective 
medium for Phytophthora spp. (8). Pi-
maricin was used at a concentration of 10 
µg/ml (8). Plates were incubated in the 
dark at 20 to 22°C and examined within 2 
to 5 days. Mycelia of Phytophthora spp. 
were transferred to corn meal agar (CMA; 
Difco Laboratories, Detroit, MI) and V8 
juice agar (V8A) and morphologically 
compared with descriptions of described 
species (8). Plates were incubated in both 
constant dark and alternating light (12 h) 
and dark (12 h) at 20 to 22°C. All Phy-
tophthora isolates initially were grouped 
based on morphological characters. A sub-
set of isolates of each morphotype then 
was selected for DNA sequence analysis. 
All cultures are maintained at the Univer-
sity of California, Davis in screw-cap tubes 
on V8A in the dark at 20 to 22°C. Voucher 
cultures have been submitted to the Ameri-
can Type Culture Collection (ATCC) and 
the Phytophthora Collection at the Univer-
sity of California, Riverside. 

DNA was extracted from cultures grow-
ing on CMA by harvesting the hyphal mat 
after microwaving the petri dish for 1 min 
to melt the agar. The mat was blotted care-
fully with filter paper to eliminate the agar, 
and DNA was extracted as described in 
Garbelotto et al. (11). The internal tran-
scribed spacer (ITS) regions, including the 
5.8S gene of the nuclear ribosomal DNA 
(rDNA), were amplified in a Techne 
PHC100 thermocycler using the primers 
ITS1 and ITS4 (34). An initial polymerase 
chain reaction (PCR) cycle of 1 min and 25 
s at 94°C was followed by 34 cycles of 35 
s at 93°C, 55 s at 62°C, and 50 s at 72°C. 
The 72°C extension period was extended 
for 5 s at each cycle with a final extension 
at 72°C for 10 min. Sequences of the com-
plimentary strands were obtained using an 
ABI 377 automatic sequencer (Applied 
Biosystems, Foster City, CA). Sequence 
alignments were obtained by using Se-
quencher software (GeneCodes, Ann Ar-
bor, MI) and optimized by manual align-
ment. Using the consensus sequences, we 
performed a BLAST search of the Gen-
Bank database (NCBI, National Institutes 
of Health, Bethesda, MD). In addition, our 

consensus sequences were aligned with 
those of 44 species of Phytophthora using 
the alignment available in GenBank as a 
template (PopSet number 8927467, NCBI) 
(6). The aligned database was analyzed by 
both the parsimony and distance matrix 
methods available in PAUP (ver. 4.0b2; 
27). Parsimony analysis was conducted 
using the heuristic search option and ran-
dom addition. Gaps were treated as miss-
ing data. Bootstrap values were obtained 
by 1,000 replicates of the “fast” stepwise 
addition method. 

Seedling and sapling inoculation tri-
als. Two greenhouse trials were conducted 
on 20- to 24-month-old L. densiflorus and 
Q. agrifolia seedlings (stem diameter ap-
proximately 1 cm) to determine patho-
genicity of the most commonly isolated 
species of Phytophthora. Inoculum was 
prepared by growing two isolates (PR-5 
and PR-6; Table 1) on V8A for 7 days in 
the dark at 20 to 22°C, then removing 5-
mm-diameter plugs from the advancing 
margin of the mycelium using a sterilized 
cork borer. On each seedling tested, one 
shallow cut, approximately 5 cm above the 
soil line, was made into the bark of the 
main stem to create a narrow (5 to 8 mm 
wide), attached flap of bark. A colonized 
agar plug was inserted beneath the flap on 
each seedling, the flap was put back into 
place, and the inoculated wound was 
sealed by wrapping with parafilm. Control 
seedlings were inoculated similarly with a 
sterile agar plug. 

Seedlings were incubated in a green-
house that was maintained at 20 to 22°C. 
The trials took place during 12 September 
to 16 November 2000 (65 days) and 9 June 
to 18 July 2001 (40 days), respectively. In 
both trials, 10 seedlings of each host spe-
cies were inoculated with each isolate and 
with sterile agar. At the end of the experi-
ment, symptoms were recorded, lesion 
length and width were measured, and 
pieces of the stem segment were plated on 
PARP to verify presence or absence of 
Phytophthora. Plates were incubated in the 
dark at 20 to 22°C and examined within 2 
to 5 days. 

Three greenhouse trials were conducted 
on 3- to 4-year-old Q. agrifolia saplings to 
determine pathogenicity of the Phy-
tophthora sp. The saplings were 2 to 5.2 
cm in diameter (mean 3.5 cm) and 3 to 5 m 
tall. In each trial, five saplings were inocu-

lated with Phytophthora isolate PR-5 and 
five with sterile agar. Inoculations were 
performed as described above at approxi-
mately 50 to 60 cm above the soil line. The 
trials took place during 12 August 2000 to 
3 March 2001 (204 days), 31 October 2000 
to 3 March 2001 (125 days), and 4 April 
2001 to 1 September 2001 (150 days). At 
the end of the experiment, symptoms were 
recorded, saplings were debarked, lesion 
length and width were measured, and 
pieces of the stem segment were plated on 
PARP to verify presence or absence of 
Phytophthora. Plates were incubated in the 
dark at 20 to 22°C and examined within 2 
to 5 days. 

All data were analyzed by analysis of 
variance (ANOVA) using the software 
program JMP (25). Where necessary, de-
pendent variables were transformed or the 
ANOVA was weighted by the inverse of 
the variance of the residuals to control for 
unequal variance among treatment means 
(19). 

Mature tree inoculation trials. Ten 
trees each of L. densiflorus and Q. agrifo-
lia were inoculated on the Marin Munici-
pal Water District on 26 July 2000. The L. 
densiflorus trees were located in a coast 
redwood forest. The Q. agrifolia trees were 
located in a closed-canopy, mixed-
evergreen forest. Many trees were natu-
rally infected and symptomatic at both 
sites; the selected trees, however, showed 
no visible symptoms of Phytophthora in-
fection (i.e., no bleeding cankers) and were 
apparently healthy. Average diameters at 
1.4 m above the ground (dbh) were 34.6 
cm for L. densiflorus and 26 cm for Q. 
agrifolia. 

Trees were inoculated using the tech-
nique of Tainter et al. (28). Inoculum was 
prepared by growing one of two isolates 
(PR-5 and PR-6) on V8A for 7 days in the 
dark at 20 to 22°C, then removing 1-cm-
diameter plugs from the advancing margin 
of the mycelium with a sterile cork borer. 
There were three inoculations per tree: 
isolates PR-5, PR-6, and a control. Bark 
plugs were removed at approximately 1.4 
m above the ground by using a sterile cork 
borer (1.2 cm in diameter) inserted into the 
tree until it came in contact with the xy-
lem. Agar plugs of Phytophthora cultures 
or sterile agar were inserted into the 
wounds. Inoculation points were approxi-
mately 20 to 30 cm apart around the cir-

Table 1. Origin of isolates of Phytophthora ramorum from California used in inoculation trials and 
DNA sequence analysis 

Isolate numbera Host of origin Geographic location 

Pr-1 Quercus agrifolia China Camp State Park, Marin County 
Pr-2 Lithocarpus densiflo-

rus 
Muir Woods, Marin County 

Pr-5 L. densiflorus Marin Municipal Water District, Marin County 
Pr-6 Q. agrifolia Marin Municipal Water District, Marin County 
Pr-7 Q. agrifolia Partrick Road, Napa County 

a Refers to isolate number in culture collection of D. M. Rizzo, University of California, Davis. All 
isolates were collected during 2000. 
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cumference of the tree. The bark plug then 
was replaced and covered with sterilized 
cotton and aluminum foil and wrapped 
with a layer of duct tape. 

On 9 August (14 days), the duct tape, 
aluminum, and cotton were removed and 
notes made on bark symptoms. The trees 
were checked again on 19 September (55 
days) and 2 November (99 days) for devel-
opment of bleeding symptoms. After 132 
days, on 5 December 2000, the bark of five 
trees of each host species was removed. 
Lesion length and width was measured. 
Unequal variances among treatments could 
not be minimized using transformations or 
weighting; therefore, lesion data were ana-

lyzed using the nonparametric tests, 
Mann-Whitney and Kruskal-Wallis (9). 
Chips were removed from the phloem 
cankers and plated on PARP in the field 
to verify the presence or absence of Phy-
tophthora spp. Plates were incubated in 
the dark at 20 to 22°C and examined 
within 2 to 5 days. 

The five inoculated trees of each host 
species that were not sampled in December 
2000 were examined for the appearance of 
foliar symptoms on 18 April and 4 Sep-
tember 2001 (approximately 9 and 13 
months following inoculation, respec-
tively), but inner bark cankers were not 
examined. 

RESULTS 
Pathogen isolation and identification. 

In all, 119 isolates of Phytophthora were 
obtained from symptomatic or dead L. 
densiflorus and Quercus spp. in coastal 
areas of California. Based on morphologi-
cal characters (sporangia, chlamydospores, 
oospores, and mycelial swellings), the 
isolates were grouped into three morpho-
types. 

The most common Phytophthora mor-
photype (109 isolates) was morphologi-
cally uniform but did not match the charac-
teristics of previously described species of 
Phytophthora (8). Each isolate had cadu-
cous (pedicel <5 µm), sympodial, semi-
papillate sporangia that were 20 to 80 µm 
long (Fig. 3). Sporangia were readily 
formed on V8A and in water. All isolates 
had highly branching hyphae on solid me-
dia and formed many hyaline chlamy-
dospores (40 to 80 µm in diameter) on all 
media. In older isolation plates with host 
material, chlamydospores often turned a 
cinnamon-brown color (Fig. 3). Chlamy-
dospores were mostly terminal, although 
some were intercalary. Unpaired California 
isolates did not form oospores on V8A or 
CMA. Cultures on V8A and CMA were 
grown at 15, 20, 25, 30, and 35°C. Optimal 
temperature for mycelial growth was 20°C, 
although the extent of growth at 15 and 
25°C was only slightly less than the extent 
of growth at 20°C. Minimal growth was 
observed at 30°C and no growth was ob-
served at 35°C. 

Using primers ITS1 and ITS4, an 860-
bp fragment was amplified from DNA of 
four isolates (PR-1, PR-2, PR-6, and PR-
7), and their sequences were identical 
(GenBank accession number AY038050). 
Based on the BLAST search, there was no 
matching ITS sequence found in the Gen-
Bank database, but the nearest sequence 
was that of P. lateralis, which differed by 
11 nt. 

In December 2000, we became aware of 
an undescribed Phytophthora sp. isolated 
from rhododendron in Germany and the 
Netherlands that was morphologically 
similar to our California oak Phytophthora 
sp. This rhododendron pathogen was re-
cently described as a new species, Phy-
tophthora ramorum S. Werres & A. W. A. 
M. de Cock (32). The ITS sequence (Gen-
Bank accession number AF429767) of P. 
ramorum was identical to that of our Cali-
fornia oak isolates. All morphological 
characters of the California isolates were 
also consistent with P. ramorum (32). Par-
simony analysis of the ITS sequence data 
placed the European and California P. 
ramorum isolates in a well-supported clade 
with P. lateralis (Fig. 4). 

A second morphotype was collected 
from six trees and also did not match any 
described species of Phytophthora (8). On 
CMA, the advancing hyphae did not 
branch as in P. ramorum. Sporangia were 
variable in shape (many oddly shaped), 

Fig 4. Bootstrap consensus of 12 most parsimonious (MP) trees based on internal transcribed spacer 
sequences showing the relationship of California isolates of Phytophthora ramorum to European P. 
ramorum and placement within the genus Phytophthora. MP trees’ scores were as follows: 860 char-
acters, tree length = 960 steps, CI = 0.570, RI = 0.834, HI = 0.430. Bootstrap values shown in bold 
under branches; number of steps shown above branches for the P. ramorum clade were identical in
all 12 MP trees. Sequences of the European isolate of P. ramorum and all California isolates were
identical.  
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papillate, and persistent. No chlamy-
dospores were observed. Amphigynous 
oospores occasionally were noted in cul-
tures grown on PARP. Although a detailed 
temperature study was not carried out, the 
isolates had little or no growth above 20°C. 
The ITS sequence of isolates of this second 
morphotype were three base pairs different 
from P. ilicis (GenBank accession number 
AJ131990). P. ilicis has only been reported 
on English holly (Ilex aquifolium) from 
western North America. It has obpyriform, 
semipapillate, caducous sporangia, rare 
chlamydospores, and amphigynous oo-
spores (8). Our second morphotype from 
oaks appears to be an undescribed Phy-
tophthora sp., and we refer to it here as a P. 
ilicis-like species. The third Phytophthora 
morphotype was collected from six trees 
and was identified as P. cinnamomi based 
on morphological characters (8) and ITS 
sequence data (6). 

Field survey. We investigated approxi-
mately 200 reports of oak dieback or mor-
tality in 29 of 58 counties in California. 
The survey was conducted primarily in the 
coastal counties from Santa Barbara 
County to Humboldt County, although 
reports of oak dieback and mortality were 
investigated in a number of counties in the 
Central Valley region, Sierra Nevada re-
gion, and southern California. In addition, 
we looked for symptomatic trees while 

driving over 6,500 km along roads to those 
sites. 

P. ramorum was the only one of the 
three Phytophthora spp. associated with 
extensive stand mortality. This species was 
isolated from cankers on L. densiflorus, Q. 
agrifolia, Q. kelloggii, and Q. parvula var. 
shrevei. The fungus was isolated from trees 
that ranged in size from 3 to 80 cm dbh for 
L. densiflorus, 10 to 105 cm dbh for Q. 
agrifolia, and 30 to 50 cm dbh for Q. kel-
loggii. Only one tree of Q. parvula var. 
shrevei (50 cm dbh) was found to be in-
fected with P. ramorum. 

P. ramorum was recovered from 42 loca-
tions over an area running south to north 
along approximately 325 km of the Pacific 
Coast from Big Sur in Monterey County 
(36°15′ N, 121°47′ W) to southern Mendo-
cino County (38°56′ N, 123°19′ W) (Fig. 
5). The sites furthest inland were approxi-
mately 70 km from the coast in Solano 
County (38°18′ N, 122°12′ W) (Fig. 5). 
Most P. ramorum isolates, however, were 
collected within 30 km of the Pacific Coast 
or of San Francisco Bay (Fig. 5). The 
pathogen was recovered from forests at sea 
level to 800 m elevation. Within this large 
geographic area, the distribution of P. 
ramorum was found to be patchy. Even 
within the counties (Marin, Santa Cruz, 
and Sonoma) in which the greatest number 
of sites were sampled, there were large 

areas with susceptible hosts species that 
were apparently disease free. Although not 
part of our survey, P. ramorum recently has 
been confirmed in southwestern Oregon 
approximately 300 km north of the north-
ernmost site in California (Mendocino 
County) (E. Hansen, personal communica-
tion). 

Symptomatic and dead trees associated 
with P. ramorum were found in three dif-
ferent forest types: coast redwood (Sequoia 
sempevirens) forest and two types of mixed 
evergreen forests (1,26). Isolates of P. 
ramorum from L. densiflorus came pri-
marily from redwood forests in which L. 
densiflorus was a significant component of 
the understory. The three Quercus spp. and 
L. densiflorus also occur in closed-canopy, 
mixed-evergreen forests that can be di-
vided into those with and without a signifi-
cant component of Douglas fir (Pseu-
dotsuga menziesii), and Phytophthora 
ramorum was found in both forest types. 
Other major hardwood associates in these 
mixed-evergreen forests include California 
bay laurel (Umbellularia californica) and 
madrone (Arbutus menziesii). Samples 
yielding P. ramorum were taken mostly 
from wildland settings, but also at the ur-
ban–wildland interface adjacent to houses. 

P. cinnamomi was isolated from four 
symptomatic Q. agrifolia trees in semiur-
ban areas in Alameda and Contra Costa 

Fig. 5. Distribution of Phytophthora ramorum and susceptible hosts within California.  
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Counties (i.e., near developed areas such as 
sidewalks or houses). Two P. cinnamomi 
isolates were collected from Chrysolepis 
chrysophylla (golden chinquapin) on a 
ridge top in Henry Cowell State Park in 
Santa Cruz County. The P. ilicis-like spe-
cies was recovered from four Q. agrifolia 
trees in semideveloped areas in Contra 
Costa County. It was also isolated from 
symptomatic L. densiflorus trees in So-
noma and Humboldt counties. These two 
Phytophthora spp. were associated with 
bleeding cankers on these hosts, but there 
was not significant tree mortality at these 
sites. 

Although a quantitative survey was not 
conducted, our field observations suggest 
that overall tree mortality levels in forests 
beyond the geographic range of P. 
ramorum were much lower than those 
within the geographic range. Root disease 
caused by Armillaria mellea was locally 
severe in some cases. Canker rots caused 
by Inonotus andersonii, A. gallica, Om-
phalotus olivescens, and other wood-decay 
fungi were noted on many trees and these 
pathogens may cause much of the noted 
background mortality outside the apparent 
range of P. ramorum. These pathogens also 
were observed on trees within the range of 
P. ramorum. Opportunistic organisms 
commonly observed on trees with ad-
vanced P. ramorum infections included 
ambrosia beetles (Monarthrum scutellare 
and M. dentiger), bark beetles (Pseu-
dopityophthorus pubipennis), and a sap-
wood rotting xylariaceous ascomycete, 
Hypoxylon thouarsianum (20). 

Disease description. Phytophthora 
ramorum was isolated from cankers on 
mature Quercus spp. and L. densiflorus 
trees at the root crown to 20 m above the 
ground. Although cankers often appeared 
to be initiated at the basal part of the tree, 
they did not extend below the soil line and 
were not found in the roots except on por-
tions of buttress roots if they were above 
the soil line. Based on observations of 
cankers in different stages of development, 
infection appeared to begin in the outer 
bark and progress to the cambium, and 
eventually the xylem. Infection and discol-
oration generally were more extensive in 
cambium and secondary phloem tissues 

than in the xylem. In active cankers, the 
phloem was discolored slightly or to vari-
ous shades of brown, and cankers were 
delimited by thin black lines (Fig. 2). On 
some cankers, black discoloration was 
observed up to 3 cm into the xylem, but, 
more typically, discoloration extended less 
than 1 mm into xylem tissues. Individual 
cankers extended to over 2 m in length. P. 
ramorum typically was isolated from the 
margins of these discolored areas, although 
it often was isolated from older portions of 
the cankers as well. 

P. ramorum was isolated from branches 
as small as 5 mm in diameter on L. densi-
florus. Saplings and understory trees of L. 
densiflorus often had many branch cankers, 
but no basal cankers were observed. 
Branches above cankers often were wilted 
while branches below the cankers were 
asymptomatic. Cankers on small L. densi-
florus stems and branches were not as dis-
tinct as those on the main stem of larger 
trees and zone lines were not always ap-
parent in either the phloem or xylem. P. 
ramorum was isolated from the margins of 
discoloration in the cambium and phloem, 
but was not consistently isolated from all 
such cankers. No Q. agrifolia or Q. kellog-
gii saplings were found on the sites we 
sampled. 

Seedling and sapling inoculation tri-
als. In both trials, P. ramorum caused le-
sions on L. densiflorus and Q. agrifolia 
seedlings that were significantly greater 
than those on the controls (P < 0.05) (Table 
2). On seedlings inoculated with P. 
ramorum, the external surface of the bark 
was sunken along the entire length of in-
ternal colonization by the pathogen. Inter-

nal discoloration generally was limited to 
the phloem, although some xylem discol-
oration was apparent. Lesions progressed 
both up and down from the wound, but 
lesion lengths were greater above the 
wound. Of 20 L. densiflorus inoculated 
seedlings, 10 were girdled by the pathogen. 
Four of these seedlings died, two showed 
wilting symptoms, and four had no appar-
ent foliar symptoms. Two inoculated seed-
lings of L. densiflorus showed wilting 
symptoms but were not girdled by P. 
ramorum. On three L. densiflorus seedlings 
in the second trial, the pathogen grew 
through petioles of leaves near the inocula-
tion point and was isolated from leaf le-
sions. No Q. agrifolia seedlings died dur-
ing either of the trials. Limited foliar 
symptoms were noted on Q. agrifolia; only 
four inoculated seedlings showed signs of 
chlorosis or tip wilting. In both trials, P. 
ramorum caused lesions on L. densiflorus 
seedlings that were significantly longer 
than those on Q. agrifolia seedlings (P < 
0.05) (Table 2). Inoculation wounds on the 
control plants formed callus tissue that 
sealed the wound. P. ramorum was recov-
ered from all inoculated L. densiflorus and 
Q. agrifolia seedlings and none of the con-
trols. 

In the Q. agrifolia sapling inoculation 
trials, no plants died and no foliar symp-
toms were noted. In each of the trials, P. 
ramorum caused lesions that were signifi-
cantly greater than those found on the con-
trols (Table 3). During the trial initiated in 
October, two of the saplings were girdled 
and two were nearly girdled, although no 
foliar symptoms were noted. Inoculation 
wounds on the controls formed callus tis-

Table 2. Mean and range in lesion length in Lithocarpus densiflorus and Quercus agrifolia seedlings resulting from inoculations with Phytophthora
ramorum 
 Lesion length (cm)a 

 Lithocarpus densiflorus Quercus agrifolia 
 Trial 1 Trial 2 Trial 1 Trial 2 

Isolate Mean Range Mean Range Mean Range Mean Range 

P. ramorum Pr-5 5.1 2.1–12.3 4.1 2.1–6.0 1.7 1.3–1.9 2.7 1.9–3.7 
P. ramorum Pr-6 4.1 1.9–9.0 3.6 1.7–5.5 2.3 1.7–5.5 1.9 1.3–2.2 
Control 0.7 0.1–1.0 1.2 0.9–1.5 0.5 0.1–0.7 1.0 0.7–1.4 

a Mean and range of lesion lengths based on 10 seedlings per treatment for each trial. Lesions lengths were measured after 65 days in trial 1 and 40 days in 
trial 2. Mean lesion lengths in seedlings inoculated with P. ramorum Pr-5 and Pr-6 were both significantly greater in both trials and in both hosts than 
those of control inoculations at P < 0.05 based on analysis of variance (ANOVA) with contrasts. Mean lesion lengths caused by P. ramorum were signifi-
cantly different between L. densiflorus and Q. agrifolia at P < 0.05 (ANOVA). 

Table 3. Mean and range in lesion length in Quercus agrifolia saplings resulting from inoculations 
with Phytophthora ramorum 
 Lesion length (cm)a 

 Trial 1 Trial 2 Trial 3 

Isolate Mean Range Mean Range Mean Range 

P. ramorum Pr-5  4.7 2.6–6.3 9.0 3.4–17.1 6.6 3.1–10.4 
Control 0.8 0.7–0.9 0.8 0.7–0.9 0 0 

a Mean and range of lesion lengths on five saplings per treatment for each trial. Lesions lengths were 
measured after 204 days in trial 1, 125 days in trial 2, and 150 days in trial 3. Mean lesion length in 
P. ramorum-inoculated seedlings was significantly greater than that of controls in all trials at P < 
0.05 (analysis of variance). 
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sue that sealed the wound. P. ramorum was 
recovered from all inoculated saplings, but 
none of the controls. 

Mature tree inoculations. Oozing sap 
was first observed from the bark around 
the inoculation point on four Q. agrifolia 
trees 3 weeks after inoculation. On 19 
September, bleeding was seen up to 5.5 cm 
from the inoculum point. By 5 December, 
each of the 10 inoculated Q. agrifolia trees 
showed sap bleeding around the inocula-
tion points. Bleeding extended up to 35 cm 
from the inoculation point. No bleeding 
was observed on the control trees. Bleed-
ing was observed on a L. densiflorus tree 
on 5 December, but the bleeding was very 
limited and restricted to an area near the 
inoculum plug. 

After 4 months, P. ramorum caused le-
sions on both hosts that were significantly 
greater than those on the controls (P < 
0.05; Table 4). In general, cankers were 
elliptical to circular in shape (Fig. 6). Dis-
tinct black lines were evident at the canker 
margins on Q. agrifolia (Fig. 6). Phloem 
cankers on L. densiflorus did not have as 
distinct a margin as those found on Q. 
agrifolia. Discoloration was evident into 
the xylem of both host species. The can-
kers from isolates PR-5 and PR-6 merged 
to girdle a Q. agrifolia tree (25 cm dbh) 
and two L. densiflorus trees (25 and 44 cm 
dbh). No foliar symptoms or the presence 
of opportunistic fungi or bark beetles were 
noted on any of the inoculated trees on 5 
December. P. ramorum was reisolated from 
all Q. agrifolia cankers, including the 
smallest canker (3.8 cm length). On L. 
densiflorus, the smallest canker (1.8 cm 
length) was the only canker from which P. 
ramorum was not recovered; however, the 
other canker on this same tree was 47.8 cm 
in length. Lesions caused by P. ramorum 
were not significantly different in length (P 
< 0.05) between inoculated L. densiflorus 
and Q. agrifolia trees (Table 4). Control 
wounds on both hosts resulted in only 
slight discoloration around the wound. 
There was no distinct margin surrounding 
the discoloration on controls. The control 
wounds on three trees were overrun by the 
enlarging cankers of P. ramorum. With the 
exception of these controls, P. ramorum 
was not recovered from any of the control 
wounds. 

On 18 April 2001 (9 months after inocu-
lation), three of the five inoculated Q. agri-
folia trees not sampled in December had no 
foliar symptoms, but two trees were show-
ing signs of crown thinning. Based on the 
extent of outer bark discoloration and ex-
ternal bleeding, three of the five Q. agri-
folia trees also appeared to be girdled. 
Ambrosia beetles (Monarthrum sp.) had 
colonized three trees. Beetles had pene-
trated only into the inoculation sites of two 
trees; one tree was extensively colonized 
outside the inoculation area. By September 
2001 (13 months after inoculation), two 
trees had brown foliage, one tree was still 

green but faded, and two trees had no ap-
parent foliar symptoms. Four of the five 
trees had extensive bleeding and appeared 
to be girdled. Cankers on two trees ap-
peared to be over 1 m in length. Based on 
external symptoms, canker development on 
one tree appeared to be minimal, with sap 
bleeding only 20 cm from the two inocula-
tion points. All five trees had evidence of 
ambrosia beetle activity at 13 months. One 
tree had small fruiting bodies of Hypoxylon 
thouarsianum forming on the canker face. 

On 18 April 2001, two of five inoculated 
L. densiflorus trees not sampled in Decem-
ber had crown thinning, but the foliage had 
not turned brown on any tree. External 
bleeding symptoms still were limited com-
pared with Q. agrifolia; however, one in-
oculated L. densiflorus tree had extensive 
bleeding and appeared to be girdled. Two 
trees had evidence of minor insect activity, 
most likely buprestid or cerambycid borers 
rather than ambrosia or bark beetles. By 
September 2001, three trees had brown 

foliage, one had faded green foliage and 
extensive branch dieback, and one tree had 
no foliar symptoms. The four trees with 
foliar symptoms had been extensively 
colonized by ambrosia and bark beetles. 

DISCUSSION 
In this article, we have described a new 

canker disease of L. densiflorus and Quer-
cus spp. caused by the recently described 
species P. ramorum. This disease has 
reached epidemic proportions in coastal 
California; preliminary surveys have found 
50% or more of the trees diseased in many 
forest stands (12). Although other species 
of Phytophthora occasionally were recov-
ered in our field surveys, none was found 
at more than a few sites and none was 
associated with extensive tree mortality in 
wildland situations. In contrast, P. 
ramorum has been recovered from many 
sites in several different forest types over 
an area that runs approximately 600 km 
south to north from central California to 

Fig. 6. Phloem cankers produced on mature trees 4 months following inoculation with Phytophthora
ramorum. Bark was removed to better show canker development. A, Quercus agrifolia. Canker 
length is 57 cm. B, Lithocarpus densiflorus. Canker length is 71.3 cm.  

Table 4. Mean and range in lesion length after 132 days in Lithocarpus densiflorus and Quercus 
agrifolia mature trees resulting from inoculations with Phytophthora ramorum 

 Lesion length (cm)a 

 Lithocarpus densiflorus Quercus agrifolia 

Isolate Mean Range Mean Range 

P. ramorum Pr-5 41.1 1.8–71.3 32.4 3.7–57.4 
P. ramorum Pr-6 42.3 14.6–61.6 25.0  9.4–57.0 
Control 1.9 1.6–2.8 1.6  1.6 

a Mean and range of lesion lengths on five trees per treatment. Mean lesion lengths in trees inocu-
lated with P. ramorum 0-13 and 0-16 in both hosts were significantly greater than those of control 
inoculations at P < 0.05 based on analysis of variance (ANOVA) with contrasts. Mean lesion 
lengths caused by P. ramorum were not significantly different between L. densiflorus and Q. agri-
folia at P < 0.05 (ANOVA).  
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southern Oregon. Inoculations of L. densi-
florus and Q. agrifolia in the field and 
greenhouse resulted in symptoms similar to 
those observed in the field, which con-
firmed the pathogenicity of P. ramorum. 
Although the name “sudden oak death” is 
well entrenched in the popular press, we 
believe that it may not be an appropriate 
common name for the disease. The onset of 
symptoms is not always “sudden” and the 
disease does not always result in death of 
the tree. P. ramorum causes cankers exclu-
sively on aerial plant parts; therefore, we 
propose the common name of Phy-
tophthora canker to distinguish this new 
disease from Phytophthora root and crown 
rot caused by other species of Phy-
tophthora. 

Culture morphology and ITS sequences 
clearly support the identification of the 
pathogen as P. ramorum (32). Previously, 
P. ramorum has only been reported on 
ornamental Rhododendron and Viburnum 
spp. in Germany and the Netherlands 
(31,32). More detailed comparisons of 
California and European isolates are ongo-
ing (S. Werres, personal communication). 

Based on ITS sequences, P. ramorum 
falls into a clade of primarily nonpapillate 
and semipapillate, soilborne species, in-
cluding P. lateralis, P. drechsleri, P. cryp-
togea, and P. syringae (6). P. ramorum 
shares phenotypic characters with a num-
ber of the species within this clade. The 
color, size, and attachment of the chlamy-
dospores and the temperature requirements 
are very similar to those of P. lateralis, the 
closest relative based on ITS sequence 
analysis. However, P. lateralis has nonde-
ciduous, nonpapillate sporangia and is a 
root pathogen. P. ramorum is the only 
member of this clade with distinctly cadu-
cous sporangia. However, P. lateralis occa-
sionally has been observed to form decidu-
ous sporangia (32) and has been reported 
to cause foliar infections due to direct 
splash of propagules from the soil (30). P. 
syringae also is reported to cause aerial 
cankers on woody hosts (7,8), although its 
sporangia are considered to be noncadu-
cous and it does not form chlamydospores. 

The geographic origin of P. ramorum is 
unknown (32). Its aggressiveness on L. 
densiflorus of all ages and its limited geo-
graphic range in relation to the range of all 
susceptible hosts (Fig. 5) suggest that it 
may be a recently introduced exotic or 
invasive species in California. The rela-
tionship between the California oak patho-
gen and the rhododendron pathogen from 
Europe is not clear. We recently have re-
covered P. ramorum from Rhododendron 
spp. in a nursery in Santa Cruz County 
(12). It is not known if the pathogen was 
transported between the two continents on 
ornamental plants or was introduced into 
both locations from a third, as yet un-
known, location. The phylogenetic rela-
tionship between P. ramorum and P. later-
alis may provide clues to the origin of both 

pathogens. P. lateralis is presumed to be an 
exotic species currently causing significant 
mortality of Port-Orford cedar (Chamae-
cyparis lawsoniana) in native stands of 
southern Oregon and northern California 
(15). The origin of P. lateralis is unknown; 
to date, it has only been found in the Pa-
cific Northwest states of the United States 
and once in France (15). The close genetic 
relationship between P. lateralis and P. 
ramorum suggests that both of these 
pathogens may have originated from the 
same geographic area. 

We cannot completely dismiss the hy-
pothesis that P. ramorum has been in Cali-
fornia for many years, but that changes in 
the environment have led to an increase in 
its aggressiveness or prevalence. Such 
changes in environmental conditions might 
include climate change, fire suppression, or 
other changes in land use patterns. In 
Europe, it appears that many oak forests 
have resident populations of Phytophthora 
spp. that have remained undetected 
(14,17). Many of these species probably 
cause fine root death, reductions in growth 
rates, and occasional mortality of trees 
without causing the large-scale mortality 
often associated with exotic pathogens. 
However, under different environmental 
conditions these species may become ecol-
ogically very important (14). 

Another potential hypothesis is a change 
in host specificity or host preferences by a 
local Phytophthora sp. Phytophthora hy-
brids are thought to occur in nature and 
may show a marked change in host range 
(4). In England and other areas in Europe, 
a new Phytophthora sp. that appears to be 
a hybrid between P. cambivora and P. fra-
gariae-like isolates has caused the mortal-
ity of thousands of alder trees (Alnus spp.; 
4). Although a hybrid origin of P. ramorum 
is possible and somewhat supported by its 
unique morphological traits, the lack of a 
heterozygous pattern in the ITS sequences 
suggests that these isolates do not represent 
first generation hybrids (M. Garbelotto, 
unpublished data). 

Although the symptomatology of the 
disease is very similar to that caused by 
other Phytophthora spp. on oaks, P. 
ramorum differs by its exclusive aerial 
biology. Although some Phytophthora spp. 
(e.g., P. citricola, P. cactorum, and P. cin-
namomi) may move into the main stem and 
eventually cause aerial cankers on oaks, 
they generally start infections in the roots 
or root crown area (3,21). Other Phy-
tophthora spp., such as the newly de-
scribed P. quercina in Europe, appear to be 
exclusively associated with oak roots (17). 
Although we have recovered the pathogen 
from soil and litter (J. M. Davidson, un-
published data), we have not observed 
symptoms on or isolated P. ramorum from 
roots below the soil line. We also have 
isolated P. ramorum up to 20 m above the 
ground from the stems of trees that had no 
basal cankers. The aerial nature of the 

disease is most striking in areas in which 
L. densiflorus regeneration, growing un-
derneath larger infected trees, shows mul-
tiple scattered cankers in the upper 
branches. Observations of the disease on 
Rhododendron spp., Viburnum spp., and 
other hosts also indicate that the pathogen 
infects stems, branches, or leaves, rather 
than the roots (31,32, unpublished data). 

Empirical studies are ongoing to deter-
mine how the pathogen is spread in the 
forest. We have recovered P. ramorum 
from rainwater collected around diseased 
trees (J. M. Davidson, unpublished data), 
indicating that the pathogen can move via 
rain splash or wind-driven rain as with 
other aerially dispersed species of Phy-
tophthora (e.g., P. palmivora; 8). However, 
sporangia and chlamydospores have not 
been directly observed on canker surfaces 
on Quercus spp. or L. densiflorus. Assum-
ing that P. ramorum is an exotic species, 
we do not know how P. ramorum has 
managed to spread over 600 km along the 
California coast and to Oregon since the 
disease was first noted. Most Phytophthora 
spp. are moved long distances in infected 
plant material or soil, or by flowing water 
(8). P. ramorum could be moved on orna-
mental hosts, such as rhododendrons, or 
firewood. The first report of L. densiflorus 
mortality in Marin County in 1994 was 
subsequently found to be associated with a 
planting of ornamental rhododendron in 
the understory several years before. We 
also have isolated the pathogen from trees 
for up to 2 months after felling, but the 
capacity of the pathogen to be spread in 
firewood is unknown. 

The current geographic range of the dis-
ease includes a wide range of forest types 
and microclimates within California’s 
Mediterranean climate of predominantly 
winter rainfall. Mean annual rainfall at 
different locations where P. ramorum has 
been collected ranges from 85 to 200 cm. 
Coastal areas also receive cool, moist air 
throughout the year, including summer 
fogs that can deposit moisture on plant 
surfaces. Higher elevation sites further 
inland also are often immersed in cloud 
cover for extended periods. Based on the 
cool temperature requirements of the 
pathogen, climate may play a significant 
role in determining the spread and distribu-
tion of the pathogen. Although drier inland 
and southern areas in California may not 
have favorable environmental conditions 
during summer months, there is the poten-
tial for the pathogen to become established 
during cool, wet winter months. Such a 
situation has been described for P. syrin-
gae, which also has a relatively cool tem-
perature optimum. P. syringae may be very 
prevalent in almond orchards of the Cen-
tral Valley of California during the winter 
months, but is not detectable during the 
hot, dry summer months (7). Occasional El 
Niño years, when rainfall is substantially 
higher and lasts longer into the dry season, 
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might also allow for expansion of P. 
ramorum into drier inland areas. In pre-
liminary laboratory tests, P. ramorum was 
capable of surviving when petri plates 
were exposed to 40°C for 4 h and to 45°C 
for 1 h (M. Garbelotto, unpublished data), 
suggesting that warmer temperatures alone 
may not restrict pathogen survival. 

Based on field observations and our in-
oculation studies with seedlings and ma-
ture trees, L. densiflorus appears to be 
more susceptible to infection by P. 
ramorum than is Q. agrifolia. In the seed-
ling inoculations, only L. densiflorus 
showed foliar symptoms and mortality 
within 8 weeks. This corresponds to field 
observations of branch flagging (death of 
small branches) and isolation of P. 
ramorum from smaller branches of under-
story L. densiflorus. Small branch flagging 
has not been observed and P. ramorum has 
not been isolated from small branches on 
Quercus spp. In the seedling inoculations, 
Q. agrifolia was infected and the pathogen 
recovered, but the disease did not progress 
very far. In inoculated mature trees, both L. 
densiflorus and Q. agrifolia were infected, 
but there was substantial variation in can-
ker lengths with individual inoculations. 
Overall, the inoculated L. densiflorus con-
sistently had larger cankers than did Q. 
agrifolia, although these differences were 
not statistically significant. 

All of the known susceptible Quercus 
spp. are in the red oak group (section Lo-
batae; 23). No species in the white oak 
group (section Quercus) or golden cup 
group (section Protobalanus) have been 
found with the disease. Q. lobata (valley 
oak, in the white oak group) occasionally 
co-occurs with diseased Q. agrifolia, but 
symptomatic Q. lobata trees have not been 
observed (20). In addition to the reports of 
P. ramorum on Rhododendron spp. and 
Viburnum spp. in Europe (31,32), we re-
cently have isolated P. ramorum from or-
namental Rhododendron spp. and native 
Vaccinium ovatum, Arbutus menziesii, and 
Umbellularia californica within the geo-
graphic range of the pathogen in California 
(unpublished data). The ability of P. 
ramorum to attack host species in diverse 
plant families (i.e., Fagaceae, Ericaceae, 
Lauraceae, and Caprifoliaceae) suggests 
that we have not yet found the complete 
host range of the pathogen in native forests 
of California. 

Exotic species of Phytophthora have 
been considered responsible for extensive 
tree mortality and negative ecological im-
pact in forests of Australia, Europe, and 
North America (3,13,22). Based on these 
past case studies, the disease caused by P. 
ramorum has the potential to cause long-
term landscape changes in California oak 
forests. P. ramorum has only recently been 
described; therefore, basic information on 
its biology and ecology are scant. Efforts 
are underway by numerous scientists to 
evaluate the ecological impacts of the dis-

ease on the many forest ecosystems in 
California and monitor its spread and im-
pact (18). Of additional concern is the 
possibility that the pathogen would spread 
to oak forests of the eastern United States. 
The susceptibility of eastern red oaks, such 
as Q. rubra and Q. palustris, is unknown. 

Control of Phytophthora spp. in natural 
forests is very difficult. Use of fungicides 
or manipulation of water levels, as is done 
in cultivated areas, often is not feasible. 
Most efforts in managing exotic Phy-
tophthora spp. in natural forests, therefore, 
have been directed at avoiding spread of 
the pathogen to new areas. This has been 
done by restricting access to forests or by 
providing wash stations for vehicles leav-
ing or entering quarantined areas (15,33). 
Although this strategy has worked rela-
tively well in rural Australia, southern 
Oregon, and northern California, it will be 
very difficult to implement such measures 
in the central coastal area of California, 
where the population in the affected areas 
approaches six million people. Nonethe-
less, without a detailed knowledge of the 
extent of the infested area and the mode of 
spread of P. ramorum, the design of any 
management strategies, including regula-
tory, will be difficult at best. 
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