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Even when introduced invasive pathogens lack their natural predators or competitors, they must still
interact with other organisms in their introduced range. Sudden Oak Death (SOD), caused by Phytoph-
thora ramorum (Oomycota), is an introduced disease causing large-scale tree mortality. Two additional
Phytophthora species, Phytophthora nemorosa and Phytophthora pseudosyringae, cause significantly lower
oak mortality, yet they also commonly colonize leaves of Umbellularia californica, the major transmissive
host of SOD in California. We combined field surveys and inoculation experiments to understand disease
prevalence dynamics and competitive interactions among these pathogen species. Despite the broader
geographic distribution of P. nemorosa with respect to that of P. ramorum, our results suggest that
P. nemorosa exhibits a narrower ecological amplitude and, in any given region, occupies fewer sites than
P. ramorum. Our results additionally suggest that, perhaps due to priority effects, P. nemorosa can persist
at levels comparable to those of P. ramorum in ecologically suitable plots when climate favors P. ramorum
dormancy. However, P. ramorum prevalence increases to levels higher than those of the competing
species when abundant rainfall triggers its sporulation. Understanding the determinants and outcomes
of competition between these species has important implications for understanding the epidemiology
and possible control strategies for Sudden Oak Death.

© 2017 Elsevier Ltd and British Mycological Society. All rights reserved.
1. Introduction

Although introduced invasive pathogens can have drastic effects
on a host species, potentially accentuated by release from natural
predators and/or competitors (“enemy release”; Keane and
Crawley, 2002), interactions between a pathogen and a host do
not occur in isolation. Instead, a host is likely to interact e either
simultaneously or asynchronously e with numerous native or
introduced organisms, including other pathogens and mutualists.
These interactions can result in coexistence of multiple pathogens
or in the exclusion of some due to competition via resource capture
or direct antagonism (“exploitation” or “interference” competition;
Dobson, 1985). As in other ecological systems, species coexistence
may be influenced by priority effects; i.e., earlier-arriving species
otto).

al Society. All rights reserved.
may facilitate or inhibit the establishment of later-arriving species
(Connell and Slatyer, 1977).

Manipulative field and greenhouse experiments have shown
that the outcome of plant infection by multiple fungal or oomycete
pathogens can be shaped by a number of factors including
comparative levels of virulence, differences in antagonistic
competitive ability, and priority effects. Multiple infections may
trigger selection for more virulent and/or faster growing genotypes
that can capture resources and/or reproduce more effectively
(Lopez-Villavicencio et al., 2007, 2011). In these cases, competitive
displacement of a weaker competitor by a stronger one may occur
(Siou et al., 2015); however, priority effects may alter the outcome,
allowing an earlier-arriving pathogen to persist in the presence of a
later-arriving one, even if it is a weaker competitor when inocu-
lated simultaneously (Hood, 2003; Simpson et al., 2004; Al-Naimi
et al., 2005; Laine, 2011). Although resource capture is likely to
play a role in such effects, in at least some cases an important
mechanism appears to be stimulation of host systemic resistance
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by the earlier-arriving pathogen, resulting in the plant mounting a
defensive response against the later-arriving pathogen (Harman,
2006; Ditmore et al., 2008; Laine, 2011). The outcome of a multi-
ple infection event may also differ based on the specific genotypes
of the pathogens (Cl�ement et al., 2012). Due to this multitude of
potential outcomes, predicting the results of an invasive pathogen
requires specific knowledge of the disease system including the
other organisms present and the nature of their interaction with
the pathogen of interest.

Sudden Oak Death (SOD) is an introduced forest disease with
the capacity to cause large-scale transformations of forested land-
scapes (Rizzo and Garbelotto, 2003; Garbelotto and Hayden, 2012;
Cobb et al., 2013). The causal agent of SOD, the oomycete Phy-
tophthora ramorum (Rizzo et al., 2002), appears to have been
introduced multiple times in proximity to the San Francisco Bay
area through contaminated nursery stock in the late 20th century
(Mascheretti et al., 2008, 2009; Grünwald et al., 2012; Croucher
et al., 2013). Other Phytophthora species are well known as agents
of destructive plant diseases, including late blight of potato caused
by Phytophthora infestans (Nowicki et al., 2012), Port Orford Cedar
root disease caused by Phytophthora lateralis (Hansen et al., 2000),
and Jarrah dieback of Eucalyptus caused by Phytophthora cinnamomi
(Jung et al., 2013). P. ramorum is rather unusual among Phytoph-
thora species affecting forest trees by being aerially transmitted
rather than being soil- and waterborne (Garbelotto and Hayden,
2012). In recent years, field surveys throughout California and
Oregon have resulted in the description of two additional Phy-
tophthora species, Phytophthora nemorosa and
Phytophthora pseudosyringae. These species produce symptoms
indistinguishable from those of P. ramorum on several hosts
including the transmissive host California Bay Laurel (Umbellularia
californica), and appear to also be aerially transmitted (Martin and
Tooley, 2003; Davidson et al., 2005; Murphy and Rizzo, 2006;
Wickland and Rizzo, 2006; Wickland et al., 2008; Hüberli et al.,
2011). Although all three species have been identified as agents of
oak and tanoak mortality (Hansen et al., 2003; Jung et al., 2003;
Wickland et al., 2008; Scanu et al., 2010, 2012), they are not
phylogenetically closest relatives (Martin and Tooley, 2003), and
there are significant biological differences among them: most
notably, P. nemorosa and P. pseudosyringae can self-cross and easily
produce thick walled oospores in nature, while P. ramorum does
not. On the west coast of the United States, P. nemorosa and
P. pseudosyringae have a broader geographic range and appear to be
associated with much lower levels of host mortality than
P. ramorum (Wickland et al., 2008), suggesting important differ-
ences in ecology, virulence, and possibly coevolutionary history
with the host plants (Linzer et al., 2009).

Although the smaller geographic range currently occupied by
P. ramorum (Wickland et al., 2008) suggests a narrower ecological
amplitude than that of the other two species, its full amplitudemay
be in part masked by its short time since establishment
(Mascheretti et al., 2009; Croucher et al., 2013). The pathogen re-
produces prodigiously during the short periods of high rainfall and
mild temperatures occurring in the wet season of California's
Mediterranean climate (Davidson et al., 2005; Hüberli et al., 2011).
Even after a drought lasting several years, at the onset of such
favorable conditions, population sizes can triple or quadruple in a
few days (Eyre et al., 2013). The impressive reproductive potential
of this pathogen makes it likely that P. ramorum will spread to
forests where environmental conditions and host distribution
allow, unless establishment is limited by competition with other
organisms.

The Sudden Oak Death epidemic has been extensively studied in
regard to its likely origin and pathways of spread; host range and
pathogenicity; reproductive mode; and autecology including
environmental triggers for dormancy and reproduction, persistence
in soil and water, and colonization of California Bay Laurel as a
major transmissive host (reviewed by Grünwald et al., 2012,
Garbelotto and Hayden, 2012). Our aim in the present study is to
gain a deeper understanding of the SOD epidemic by examining the
spread and seasonal dynamics in the prevalence of P. ramorum on
California Bay Laurel relative to that of the other two sympatric
Phytophthora species.

Based on previous reports of both P. nemorosa and P. ramorum on
the San Francisco peninsula, and the location of the peninsula
within the range of P. pseudosyringae (Wickland et al., 2008), we
considered it likely that all three may be established in our field
sites located in the San Francisco Public Utilities Commission
watershed within this area. Between 2009 and 2011, we undertook
an extensive monitoring effort including repeated surveys (3 per
year) focusing on the occurrence of Phytophthora spp. on California
Bay Laurel leaves. The survey targeted 388 trees in 15 sampling
plots, with the objective of investigating potential niche differen-
tiation and temporal dynamics of these pathogens in nature. The
occurrence of a transition from a period of drought (2009) to a
period of above-average rainfall (2010e2011) provided an addi-
tional opportunity for a ‘natural experiment' allowing the effect of
larger climatic shifts to be examined by comparing sampling pe-
riods by season between years.

In addition to the field survey, we performed a controlled
growth chamber co-inoculation experiment on Bay Laurel leaves to
determine whether interactions between the three Phytophthora
species may be antagonistic, neutral, or synergistic. Results from
this experiment are important to correctly interpret results from
the field surveys.

Our combined approach allowed the following hypotheses to be
tested:

H1. If dominance of a pathogen species occurs at the plot (rather
than tree or leaf) level, distribution patterns can be correlated to
discernable environmental differences between plots (i.e., niche
differentiation).

H2. Alternative hypotheses regarding distribution of the three
pathogens:

H2a. Consistent with previously-reported geographic trends
suggesting rapid spread of P. ramorum, plots dominated by
P. nemorosa or P. pseudosyringaewill shift to P. ramorum dominance
in time. This shift in dominancewill be accompanied by a finding of
greater antagonistic competitive ability of P. ramorum vs. P. nemorosa
and/or P. pseudosyringae as measured in the in vitro assays. This
hypothesis is consistent with an explanation of competitive
displacement by P. ramorum;

H2b. Plots dominated by P. nemorosa or P. pseudosyringae will not
shift to P. ramorum dominance. This shift in dominance will be
accompanied by a finding of equal or lesser competitive ability of
P. ramorum vs. P. nemorosa and/or P. pseudosyringae as measured in
the in vitro assays. This hypothesis is consistent with an explanation
of lack of competitive displacement due to priority effects in
addition to weak or absent direct competition between pathogens;

H2c. Or, Plots dominated by P. nemorosa or P. pseudosyringae will
not shift to P. ramorum dominance. This shift in dominance will be
accompanied with a finding of greater competitive ability of
P. ramorum vs. P. nemorosa and/or P. pseudosyringae as measured in
the in vitro assays. This hypothesis is consistent with an explanation
of lack of competitive displacement by P. ramorum due to priority
effects, despite superior competitive ability of P. ramorum.

H3. Seasonal shifts in dominance will not occur during the dry
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(off-peak) seasons, when high levels of pathogen dormancy occur.
Given the differences in host mortality caused by these three

Phytophthora species, understanding the nature, determinants, and
outcomes of competition among them has important implications
both for understanding the epidemiology of Sudden Oak Death and
for the possible implementation of appropriate disease control
strategies. In broader terms, the study sheds light on how the same
niche may be used by different organisms, and how climate, pri-
ority effects, and competition may mediate the result of such
interactions.
2. Materials and methods

2.1. Plot selection and design

A network of 15 research plots was established within the San
Francisco Public Utility Commission (SFPUC) lands in San Mateo
County (latitude: 37.520, longitude: �122.369), approximately
30 km south of San Francisco (Supplementary Fig. 1;
Supplementary Table 1). This 9300 ha watershed contains two
major drainages, Crystal Springs and Pilarcitos, with elevations
ranging between 95 and 1050 . Higher elevations occur primarily in
the Pilarcitos drainage, located west of the Crystal Springs drainage
(i.e., in closer proximity to the Pacific Ocean). The average annual
temperature range is 8.8e21.5� C, with an average annual precipi-
tation of 62 cm, occurring most frequently between November and
April. The entire watershed, which has been closed to the public for
over a century, includes one of the earliest known SOD infections in
San Mateo County, with confirmed reports of infection as early as
2001 (Croucher et al., 2013). Plot locations were selected based on
the presence of appropriate vegetation types (i.e., suitable habitat
for Phytophthora species), as well as accessibility. All plots were
separated by a minimum of 2 km to avoid mixing of local pathogen
populations (Mascheretti et al., 2008). Each plot consisted of three
100 m transects, 10 m wide and separated by 120�, radiating from
the plot center. A Bay Laurel stem was selected for repeated sam-
pling at 10 m intervals along each transect. A stem was defined as
any major branch separating from a tree's main stem below breast
height (1.4 m). All Bay Laurel stems occurring in each plot were
tallied to determine plot level density.

2.2. Climate data collection

Temperature data were collected from two Remote Automated
Weather Stations (RAWS): Pulgas (Lat: 37.47500, Long:
�122.29810) in the Crystal Springs drainage, and Spring Valley (Lat:
37.5625, Long: �122.436389) in the Pilarcitos drainage. Microcli-
mate data were collected via three HOBO data loggers (Onset
Computer Corporation, MA, USA) per major drainage. Rainfall data
were retrieved from the CA Department of Water resources and
SFPUC data archives of the Lower Crystal Springs rain gauge (Lat:
37.5325, Long: �122.363) and the Pilarcitos rain gauge (Lat: 37.547,
Long: �122.421). Using temperature and rainfall values, a monthly
Aridity Index (AI) was calculated as AI¼ 12*P/(Tþ10), where P is the
precipitation in mm and T is the mean air temperature in degrees C
(De Martonne, 1926). A high index value represents a low level of
aridity, whereas a low index indicates high aridity.

2.3. Sampling of infected plant material

Each sampling event began with surveys of the 388 Bay Laurel
stems for the presence of foliar symptoms. Symptoms consist of
darkened necrotic leaf tissue normally found at the tip or along the
leaf edge, bordered by a dark zone line and a chlorotic (yellowish)
halo or as dark pixelated spots scattered about the leaf, more
common in active infection (Davidson et al., 2003). Six leaves,
approximately 2 y in age and displaying symptoms of foliar Phy-
tophthora spp., were sampled from the lower canopy of each tree.
Infection by aerial Phytophthoras is not systemic, even within a
single leaf; hence, the best experimental unit is the individual
lesion. However, to obtain sufficient sampling resolution at the
scale of the study, our sampling design included pooling lesions
from multiple leaves on the same tree into a single sample, to
ensure adequate sampling density without dramatically increasing
sampling effort. This approach may theoretically overestimate co-
infection by different species, but such an outcome was not
observed in the present study (see Results).

Bay Laurel assessments were conducted 9 times over 3 y in
2009, at the end of a 3 y drought, and in 2010 and 2011, both
characterized by above-average rainfall levels. Surveys were con-
ducted 3 times per year to capture seasonal variation of pathogen
incidence: an ‘early’ season sampling in late winter/early spring
(February/March) when temperatures warm enough for sporula-
tion have not yet been reached, a ‘peak’ season sampling in late
spring/early summer (May/June) when rainfall coupled with
warmer temperatures provides ideal conditions for sporulation and
transmission, and a ‘late’ season sampling after the hot and dry
months of late summer/early fall (September/October) have trig-
gered pathogen dormancy (Eyre et al., 2013).

2.4. Molecular sampling

It has been shown that the presence of aerial Phytophthora spp.
in leaves can only be reliably detected from symptomatic portions
of a leaf (Hayden et al., 2004). Accordingly, samples for molecular
diagnostics were obtained from the margin of putative Phytoph-
thora lesions on symptomatic Bay Laurel leaves using a surface-
sterilized 6 mm hole punch. From each set of 6 leaves, 3 leaf
punches were randomly selected from a collection comprising one
punch per leaf and combined in a 2 ml screw-top tube containing a
sterile glass bead; the samples were lyophilized and then pulver-
ized using a FastPrep®-24 homogenizer (MP Biomedicals) for a
minimum of 30 s at 4 m/sec. DNA was extracted using either the
CTAB and phenol/chloroform extraction protocol of Hayden et al.
(2004), or the ROSE extraction method of Steiner et al. (1995) as
implemented by Osmundson et al. (2013). Presence of P. ramorum
in culture-negative leaves was assessed using the DNA-based nes-
ted qPCR assay described by Hayden et al. (2006). Samples yielding
a negative result with regard to P. ramorum infection in the qPCR
assay were then tested for the presence of P. nemorosa and
P. pseudosyringae using species-specific primers designed by Linzer
(2009). Existing TaqMan primers and probes specific to P. ramorum
(Schena et al., 2006) were used to capture any false negatives from
the original qPCR diagnostic. This multiplex qPCR assay (nemorosa-
pseudosyringae-ramorum, or N-P-R), optimized by Linzer (2009),
was conducted as follows. The target locus selected for this assay is
a nuclear, single copy region of the ras-related protein ypt1, that has
been shown to be polymorphic between, but not within, Phytoph-
thora species (Schena and Cooke, 2006). Primer and probe sets for
P. nemorosa and P. pseudosyringae were designed following guide-
lines described by Schena et al. (2006) and using Phytophthora
sequences from GenBank (Supplementary Table 2). Fluorophore
and quenching pairs for primer/probe sets were selected using the
multiplexing compatibility criteria described by Marras (2007).
Cross reactivity of species-specific primers and probes was tested
using a dilution series. Amplification potential of Phytophthora DNA
was tested with and without the addition of U. californica DNA,
which can be inhibitory (Hayden et al., 2006), and the sensitivity of
multiplexed and simplex reactions was compared. It was
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determined empirically that 1:10 dilutions of phenol/chloroform-
extracted DNA and undiluted ROSE-extracted DNA yielded the
most consistent results e and that the two extraction techniques
yielded the same results when compared directly e when
analyzing the single-copy ypt1 locus in an U. californica-leaf back-
ground, so all N-P-R multiplex qPCR assays were performed using
these template dilutions. All PCR reactions were performed in 20 ml
volumes containing 1� TaqMan Universal PCR master mix (No
AmpErase UNG) (Applied Biosystems, Foster City, CA), 900 nM of
each primer, 200 nM of each probe (Operon Biotechnologies,
Huntsville, AL), and 5 ml of template DNA (or ultrapure PCR H2O for
negative controls). PCR reactions were performed on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.; Her-
cules, CA). Amplification conditions consisted of one 10-min
denaturation at 95 �C followed by 45 cycles of 15 s at 95 �C and
1min at 58 �C. Real-time datawere collected during each 58 �C step
and analyzed using qbasePLUS software (Bio-Rad). Additionally, all
samples were amplified using a 1:50 dilution with a universal
primer and probe set from a conserved region of the 18s rDNA as a
means of confirming DNA extraction success for samples that were
negative for the species-specific reactions. This primer set amplifies
DNA frommany taxa, including both plants and oomycetes (Schena
et al., 2006).

2.5. Co-infection experiment

To determine how these three foliar Phytophthora species might
interact during the infection process, we designed a controlled co-
infection experiment on detached leaves of Bay Laurel. Seven
possible combinations were tested using a single droplet contain-
ing equally concentrated solutions of suspended zoospores from
one to three species. The treatment groups were as follows: (1)
P. nemorosa alone (N); (2) P. pseudosyringae alone (P); (3)
P. ramorum alone (R); (4) N þ P; (5) N þ R; (6) P þ R; (7) N þ P þ R.
To prepare inoculum solutions for the co-infection treatments (i.e.,
treatments 4e7), a partial replacement series design commonly
used in competition experiments was applied (Silvertown and
Doust, 1993); i.e., the concentration of zoospore solution prepared
from each infecting species was constant, as was total zoospore
density for each treatment, the latter with varying ratios of con-
stituent components based on the treatment group. Each treatment
was replicated at both 14 and 18 �C, corresponding to optimal
growth temperatures of the various species (see Inoculum prepa-
ration, below).

2.6. Inoculum preparation

Inoculum solutions of suspended Phytophthora zoospores were
prepared as follows. Cultures of each species based on comparable
pathogenicity levels and sporulation ability of isolates, as deter-
mined through a preliminary experiment (Linzer, 2009), were
selected and grown on V8A media (Erwin and Ribeiro, 1996).
Because intraspecific genetic variation is minimized by the exclu-
sively clonal reproductive mode of P. ramorum, and by the selfing
reproductive mode of the other two species (Hansen et al., 2003;
Jung et al., 2003; Linzer et al., 2009), sporulation ability and
healthy appearance of colonies in vitro rather than genetic variation
per se were employed as the two main selection variables of ge-
notypes to be employed. Between 20 and 30 plugs of agar roughly
0.5 cm2 were excised from the margin of each culture, placed face-
up in an empty Petri dish, and floodedwith a 2% soil-water infusion
(Linzer, 2009) until the liquid level was even with the top of the
agar plugs. Each species was incubated for 3e5 d at or near its
optimum growth temperature (P. ramorum and P. pseudosyringae at
18 �C, P. nemorosa at 14 �C). Plug suspensions were then placed in a
4 �C ice bath for 30min, then incubated at room temperature for 2 h
to induce zoospore release from sporangia. Concentrations of each
zoospore solution were quantified using a hemocytometer and
adjusted to 3 � 104 zoospores ml�1 to ensure each species had
sufficient zoospores in the co-infection treatments. Negative con-
trol inoculum (sterile distilled H2O and clean V8A media) was
prepared simultaneously using the samemethodology but using an
uncolonized V8A plate. To prevent premature zoospore encyst-
ment, all labware contacting the zoospore suspension was soaked
for 24 h in 5 M HCl and rinsed 3 times in deionized water.

2.7. Inoculation

Host leaves of intermediate age (approximately 2 years), were
detached from a single uninfected Bay Laurel tree on the University
of California, Berkeley campus previously determined to be of in-
termediate susceptibility to P. ramorum (Meshriy et al., 2006). All
366 leaves were surface-sterilized with 70% EtOH, and each of the 7
treatments was randomly assigned and applied on 25 leaves, while
an additional 8 negative control leaves were included at each
temperature. Using acid washed pipette tips, 35 ml of zoospore
suspension was placed on the abaxial surface of each leaf,
approximately 1 cm from the tip. This inoculation method is
comparable to the presumed natural infection pathway of Bay
Laurel leaves. It is believed that windborne sporangia land on the
surface of a leaf and release zoospores into accumulated water
droplets that coalesce together at the edges of leaves (Davidson
et al., 2005). Leaves were incubated in moist chambers con-
structed from two 40 � 60 � 10 cm nursery trays. The bottom tray
of each box was lined with paper towels andmoistened with sterile
distilled H2O. Inoculated leaves were placed upon a 1 cm-gridded
plastic rack inserted into the bottom of each box. Boxes were sealed
in a plastic bag and placed into one of two growth chambers set at
either 14 or 18 �C. Every other day, boxes were opened and misted
with sterile distilled H20 to ensure that leaves remained moist.
Visible lesions had formed on nearly all inoculated leaves after 12 d:
based on our experimental conditions and on other published work
on inoculations of detached leaves (Hüberli et al., 2003, 2011;
Linzer, 2009; Eyre et al., 2014), this was regarded as an optimal
length for the experiment. Leaves were removed from the trays,
surface-sterilized, and scanned. Lesion size was then quantified
using ASSESS v 1.01 (Lamari, 2002). A small section of each leaf was
excised, taking care to encompass the entire lesion; the sectionwas
placed in a 2 ml tube and stored at �20 �C until qPCR diagnostics
were used to test for both presence and quantity of each Phytoph-
thora species.

2.8. Statistical analyses

The following statistical analyses were carried out in JMP 10
(SAS Institute). A generalized linear model (GLM) assuming a
Poisson distributionwas used to compare prevalence of P. nemorosa
and P. ramorum infection, represented as the proportion of infected
trees detected out of all surveyed trees, by plot, season, and season
nested within year. No P. pseudosyringae was detected in the plot
network, therefore it was not included in the analysis. A Student's
2-sample t-test was used to compare mean P. nemorosa and
P. ramorum occurrence by plot and by year. A linear regression was
used to examine proportions of both P. nemorosa and P. ramorum as
a function of overall Bay Laurel density per plot. A logistic regres-
sion analysis on the frequency of P. ramorum and P. nemorosa
detection was performed using the monthly Aridity Index at each
sampling point as the independent variable. Finally, a Spearman's
rank order correlation test was used to compare the frequencies of
P. nemorosa and P. ramorum in all plots at each sampling event,
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producing a non-parametric Spearman's Rho coefficient for each
sampling event ranging from �1 to 1. For the co-infection experi-
ment, APS ASSESS (Lamari, 2002) was used to quantify lesion size
expressed as necrotic area. To determine the effect of the treat-
ments on overall leaf damage and pathogen load, lesion area and
estimated quantities of DNA by treatment were analyzed using
two-way ANOVA, with temperature and species-combination
treatment as fixed factors. Analyses of estimated DNA quantity by
lesionwere conducted on Log10 transformed data. To determine the
result of competitive interactions between species, a three-way
ANOVA with species, temperature and species-combination treat-
ment as fixed factors was used to analyze DNA concentrations of
individual species. Post hoc means comparisons were performed
using Tukey-Kramer HSD tests.
3. Results

3.1. Climate and environmental data analysis

The California Department of Water Resources reported annual
rainfall in 2009 to be only 60% of the 50 y average, with little to no
rainfall in the springmonths. An increasewas reported for 2010 and
2011, to 115% and 135% of the 50 y average, respectively, with above
average rainfall occurring in the spring of both years Plots in the
Pilarcitos drainage exhibited a slightly cooler and wetter microcli-
mate than plots in the Crystal Springs drainage (Supplementary
Fig. 2A and 2B). The Pilarcitos drainage is higher in elevation,
with plots at an altitude ranging between 197 and 311 m, while the
altitude of plots in the Crystal Springs drainage ranges between 95
and 187 m. The Aridity Index (AI) was calculated for each of the six
plots where microclimate data were available by using cumulative
precipitation and mean daily temperature data from the 30 d prior
to each sampling event (Supplementary Fig. 3). The aridity indices
for all six plots were comparable during the dry periods, yet plots in
Pilarcitos had higher AI values in the wet periods, indicating a
slightly wetter environment during the rainy season
(Supplementary Figs. 2A and 3). A logistic regression of P. nemorosa
and P. ramorum observations against varying values of the AI
through time showed a significant and positive relationship be-
tween AI and prevalence of P. ramorum (Chi-square ¼ 16.2,
Table 1
Results of a generalized linear model assessing proportions of P. nemorosa and P. ramoru
within year) (Poisson distribution; �2 goodness-of-fit test). Single asterisks denote sign
lations, at p ¼ 0.05.

Effect P. ramorum

DF Chi square P > Chi Sq

Year 2 40.41 0.0001*
Plot 14 117.85 0.0001*
Season (Year) 6 5.68 0.4599

PLOT Estimate Std Error P value

0 0.137 0.129 1.000
1 �0.062 0.142 1.000
2 0.337 0.118 0.0087*
3 �0.068 0.142 1.000
5 �1.600 0.296 <0.0001*
6 0.543 0.108 <0.0001*
7 �0.064 0.142 1.000
8 0.535 0.108 <0.0001*
9 �0.090 0.143 1.000
10 0.506 0.109 <0.0001*
11 �0.313 0.172 0.142
12 0.021 0.136 1.000
14 �0.136 0.146 1.000
15 �0.113 0.145 1.000
p < 0.0001) and a negatively significant relationship with preva-
lence of P. nemorosa (Chi-square ¼ 8.96, p ¼ 0.0028).
3.2. Molecular diagnostics (N-P-R assay)

The nine surveys of 388 Bay Laurels in the 2009e2011 period
resulted in the sampling of 3026 symptomatic leaves. Of those 3026
samples, 1890 were determined to be positive for P. ramorumwhile
10 samples yielded inconclusive results. The remaining 1126
P. ramorum-negative samples were tested using the N-P-R diag-
nostic assay, and 446 samples yielded positive results for
P. nemorosa (Supplementary Table 3). P. pseudosyringae was not
detected in any of the samples. A subset of the 1890 P. ramorum-
positive samples was tested for presence of the two additional
Phytophthora species. The percentage of samples found to contain
DNA of more than one species was 1.5%. Thus, while it is possible for
a leaf to contain lesions from more than one species of Phytoph-
thora, it was very uncommon at the scale of a single lesion, the
experimental unit targeted for this assay. A generalized linear
model (GLM) shows significant differences in the abundance of
both P. nemorosa and P. ramorum between years (P. nemorosa: Chi-
square ¼ 17.84, p < 0.0001; P. ramorum: Chi-square ¼ 40.41,
p< 0.0001) and plots (P. nemorosa: Chi-square¼ 110.12, p < 0.0001;
P. ramorum: Chi-square ¼ 117.85, p < 0.0001), but not by season
nested within year (P. nemorosa: Chi-square ¼ 0, p ¼ 1.000;
P. ramorum: Chi-square ¼ 5.68, p ¼ 0.4599) (Table 1). Two plots (8
and 10, both in Crystal Springs drainage) contained less-than-
expected occurrence of P. nemorosa, while four plots (9, 11, 14,
and 15, all in Pilarcitos drainage) contained greater-than-expected
P. nemorosa occurrence (p < 0.0001). Four plots (2, 6, 8, and 10),
none of which matched plots with highest levels of P. nemorosa,
contained greater-than-expected prevalence of P. ramorum
(Table 1). In 2009, the driest year during our study, prevalence of
P. nemorosa was at its highest level (Fig. 1). Prevalence of
P. nemorosa began to decrease in the wetter 2010, and more dras-
tically so after the heavy rains of 2011. The opposite relationship
was observed for P. ramorum (Fig.1), whose prevalence increased as
the weather conditions changed from dry to wet over the course of
the three-year study.

Examination of occurrence by plot and year (Fig. 2A) indicated
m detected from total trees sampled as a function of year, plot, and season (nested
ificant positive correlations, and double asterisks denote significant negative corre-

P. nemorosa

uare DF Chi square P > Chi Square

2 17.84 0.0001*
14 110.12 <0.0001*
6 0 1.000

Estimate Std Error P value

�0.123 0.243 1.000
�0.046 0.234 1.000
�0.025 0.232 1.000
0.053 0.224 1.000
0.048 0.225 1.000
�0.470 0.286 1.000
�0.303 0.264 1.000
�0.978 0.364 0.0151**
0.775 0.163 <0.0001*
�0.910 0.352 0.0343**
1.175 0.145 <0.0001*
�0.013 0.231 1.000
0.990 0.149 <0.0001*
0.746 0.165 <0.0001*



Fig. 1. Proportions of sampled Bay Laurel leaves with P. ramorum or P. nemorosa
infection in each of the nine seasonal sampling events, measured using molecular
diagnostic qPCR assays.

M. Kozanitas et al. / Fungal Ecology 28 (2017) 86e96 91
significantly higher rates of P. nemorosa occurrence in plots 9, 11, 14,
and 15, all locatedwithin the Pilarcitos drainage. In these four plots,
a decrease in the mean occurrence of P. nemorosa was observed as
the mean occurrence of P. ramorum increased with changing
weather conditions (Figs. 2B and 3). In the peak/spring and late/fall
seasons of 2009 and the peak/spring season of 2011 (r ¼ �0.8774,
p < 0.0001; r ¼ �0.7096, p ¼ 0.003; r ¼ �0.6172, p ¼ 0.0142,
respectively), a significant negative correlation occurred between
the proportions of the two pathogens (Table 2).

Significant correlations were found between plot-level Bay
Laurel density and proportions of trees testing positive for either
P. nemorosa or P. ramorum (Supplementary Table 1, Supplementary
Fig. 4). However, while P. ramorum prevalence was positively
correlated with Bay Laurel density (p < 0.0001) (Linear fit equation:
proportion P. nemorosa positive ¼ 0.173e0.0005 * Bay Laurel Den-
sity), P. nemorosa prevalence was negatively correlated with Bay
Laurel density (p ¼ 0.0232) (Linear fit equation: proportion
P. ramorum positive ¼ 0.433 þ 0.0019 * Bay Laurel Density).

To examine the dynamics of P. nemorosa and P. ramorum on
individual trees, longitudinal patterns of infection were compared
in trees sampled within four plots with significant P. nemorosa
prevalence (plots 9, 11, 14, and 15; Supplementary Fig. 5). These
comparisons show an overall shift in dominance from P. nemorosa
to P. ramorum. Of 131 Phytophthora-positive trees, a total of 76 trees
showed evidence of only P. nemorosa infection in 2009, declining to
39 in 2010 and 11 in 2011. In contrast, 18 trees showed evidence of
only P. ramorum infection in 2009, increasing to 50 in 2010 and 77
in 2011. However, P. nemorosa maintained presence in the plots,
with 56 trees showing presence of P. nemorosa in at least one
sampling event following detection of P. ramorum.
3.3. Three-species co-infection experiment

With the exception of all negative control leaves, which
remained asymptomatic, all leaves developed a single lesion where
the inoculum droplet was applied. DNA of each inoculated species
was detected in all experimental leaves using the universal primer/
probe set, while no Phytophthora DNA was detected in negative-
control leaves. Univariate regression between leaf lesion size and
total amount of Phytophthora DNA showed a significant, positive
relationship (parameter estimate ¼ 12.17, p < 0.0001). No signifi-
cant differences between lesion sizes among species combinations
were observed within temperatures, but the 18 �C N þ P þ R
treatment exhibited lower lesion size and recovered DNA amounts
compared to the P. ramorum-only treatment at 14 �C (F ¼ 2.40,
p ¼ 0.0043) (Supplementary Fig. 6A). Total Phytophthora DNA
quantity, estimated by real-time PCR (quantity of
P. nemorosa þ P. pseudosyringae þ P. ramorum), were correlated
with those for lesion area (Supplementary Fig. 6B). Similarly, the
only differences between treatments in terms of the total amount
of DNA present were between the 18 �C N þ P þ R treatment and
the 14 �C P. ramorum-only treatment (F ¼ 3.03, p ¼ 0.0003)
(Supplementary Fig. 6B).

For individual species, significant differences in Phytophthora
DNA quantity were detected by species-treatment and temperature
(F ¼ 17.18, p < 0.0001). There were no significant differences in the
quantity of DNA detected in the individual-species treatments at
either temperature; however, mean DNA quantity for P. nemorosa
was reduced more than tenfold in all co-infection treatments with
P. pseudosyringae and/or P. ramorum (Fig. 4). Neither the quantities
of P. pseudosyringae nor P. ramorumDNAwere significantly different
from those in the single-species treatments in any two or three-
species combination within one temperature (Fig. 4). Within spe-
cies, there was a trend toward the lowest amount of DNA being
detected in the three-species treatment at 18 �C, with some com-
parisons being significant at p ¼ 0.05 (Fig. 4). There were no sig-
nificant differences in identical treatments between temperatures.

4. Discussion

Colonization by an introduced pathogen is likely to be shaped by
a number of factors, including the distribution and susceptibility of
suitable hosts; the presence of environmental conditions suitable
for establishment, growth, reproduction, and dispersal; and the
nature (synergistic, neutral, or antagonistic) of the pathogen's in-
teractions with other non-host organisms, including other patho-
gens. While the first two of these factors fall under the regular
purview of plant pathology research, the third is less frequently
considered, but may be extremely important for the development
of disease outbreaks. Coexistence between organisms colonizing
the same plant may occur as a result of nutritional (Wilson and
Lindow, 1994) or temporal (Hamelin et al., 2016) niche partition-
ing; alternatively, competitive exclusionmay eliminate one ormore
competitors (Lopez-Villavicencio et al., 2007, 2011; Siou et al.,
2015). The outcome of these interactions may be affected by fac-
tors such as climate, priority effects, and genotype (Hood, 2003;
Simpson et al., 2004; Al-Naimi et al., 2005; Laine, 2011; Cl�ement
et al., 2012; Hamelin et al., 2016).

Sudden Oak Death has been present in California since at least
the mid-1990s, but the causal agent, P. ramorum, was only discov-
ered in 2000 (Werres et al., 2001; Rizzo et al., 2002). Since 2000
(Svihra,1999; Rizzo et al., 2002), field surveys in thewestern United
States have led to the discovery of two additional aerially-dispersed
Phytophthora species, P. nemorosa and P. pseudosyringae, with
similar host ranges and symptoms to P. ramorum, but causing less
oak and tanoak tree mortality (Wickland et al., 2008). Improved
understanding of the current distribution of P. ramorum, its
ecological limits and response to environmental conditions, and
the nature of its interactions with P. nemorosa and P. pseudosyringae
are likely to be important for tracking the Sudden Oak Death
epidemic and developing predictive models of disease spread.

We used extensive field surveys over a drought/recovery cycle
coupled with measurements of abiotic characteristics to establish
fine-grained estimates of the distribution of P. ramorum,
P. nemorosa and P. pseudosyringae, track their dynamics in response
to changing environmental conditions, and predict the environ-
mental conditions likely to favor the establishment of the different
species. Given that significant habitat overlap exists for these spe-
cies, the role of competitive interactions between them is also likely
to have a critical influence on establishment. However,



Fig. 2. Positive sample counts for P. nemorosa (A) and P. ramorum (B) by plot and year. Statistical comparisons of means are depicted by letters A-D; totals not designated by the
same letter are significantly different at a 0.05 significance level. Plots 9, 11, 14 and 15 are located in the Pilarcitos drainage; the remaining plots (excluding plot 5) are located in the
Crystal Springs drainage.
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disentangling the effects of competition from those of environ-
mental heterogeneity is difficult under field conditions. Therefore,
we also examined the competitive outcomes arising from co-
inoculation of these species under controlled conditions, using a
detached leaf assay previously shown to suitably replicate natural
pathogen infection (Johnston et al., 2016), combined with a qPCR-
based assay for detecting and distinguishing the three species in
leaf samples (Linzer, 2009).

Results of field surveys showed that both P. ramorum and
P. nemorosa are present in our study sites on the San Francisco
peninsula. The limited genetic variationwithin each species (Linzer
et al., 2009) and negative screens of herbarium specimens



Fig. 3. Mean occurrence (number of positive leaf samples) of P. ramorum and
P. nemorosa in plots located in the Pilarcitos drainage (plots 9, 11, 14, 15) where the
highest levels of P. nemorosa were observed. Occurrence of P. nemorosa decreased in
contrast to P. ramorum over the three-year study period.
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(Monahan et al., 2008) indicate that all three Phytophthora species
may be introduced to California. Nonetheless, the broader
geographic range of P. nemorosa and its presence in regions where
P. ramorum has not yet been detected (Wickland et al., 2008) sug-
gest that P. nemorosa has been established in the western United
States longer than P. ramorum. Surprisingly, the significantly wider
distribution of P. ramorum in the SFPUC field sites suggests that
P. ramorum has a higher ecological amplitude than, andmay be able
to outcompete, P. nemorosa; this finding also suggests that the
smaller overall geographic range currently occupied by P. ramorum
in California is due to amore recent colonization history rather than
to lower colonization potential. The apparent lack of
P. pseudosyringae in these sites suggests either that environmental
conditions are unsuitable for its establishment (unlikely given its
overall geographic distribution; Wickland et al., 2008), that it has
not been introduced to this specific area, or that it has been out-
competed by P. ramorum and/or P. nemorosa.

Both P. nemorosa and P. ramorumwere found to occupy the same
niche; i.e., portions of U. californica leaves prone to coalescence of
water droplets. However, although coexistence of the two species is
possible (Wickland et al., 2008), coexistence on the same leaf was
rarely observed in our samples. P. nemorosa was abundant in only
four of our sampling plots. These plots are characterized by higher
elevation, lower overall Bay Laurel density, and less aridity (i.e.,
wetter and cooler conditions). There is no overlap between plots
where P. ramorum is most abundant and plots where P. nemorosa is
most abundant, suggesting that the two species are fine-tuned to
different ecological conditions (i.e., hypothesis H1 is supported by
these data). Our data further suggest that the slightly warmer
temperatures of the lower elevation plots in which P. ramorum is
most abundant - coupled with spring rainfall - may dispropor-
tionately favor its transmission potential, as indicated by Hüberli
et al. (2011).

The occurrence of a significant climatic shift in 2009e2010 from
a period of sustained drought to 2 y of above-average rainfall during
the wet seasons of 2010 and 2011, in combination with our survey
design encompassing themajor periods of annual seasonal weather
fluctuation, provided an opportunity to observe shifts in the
Table 2
Results of a Spearman's rank order correlation test used to compare the frequencies of P
Spearman's Rho coefficient ranges from �1 to 1. Significant negative correlations betw
by asterisks (p � 0.05).

Sampling Event Early 2009 Peak 2009 Late 2009 Early 2010

Spearmans r �0.4458 �0.8774 �0.7096 �0.3556
P-value 0.0958 <0.0001* 0.0030* 0.1934
prevalence of P. ramorum and P. nemorosa in response to abiotic
conditions. In dry conditions such as the majority of 2009 as well as
the fall sampling events of 2010 and 2011, the frequency of
P. nemorosa in cooler andwetter sites amenable to its establishment
was comparable to that of P. ramorum. This indicates that
P. nemorosa does have the ability to persist in a P. ramorum domi-
nated region, but only in some sites and to a greater extent when
overall conditions are dry. When conditions became favorable to
sporulation of P. ramorum e i.e., increased winter/spring rainfall
(Davidson et al., 2005; Hüberli et al., 2011; Eyre et al., 2013) e

contrasting prevalence of the two pathogens was observed, with an
increase in P. ramorum and a decrease in P. nemorosa even in those
plots where P. nemorosa was previously dominant (i.e., hypothesis
H3 is supported by the observed peak 2009 and 2011 results,
though contradicted by the observed shift in the late 2009 sam-
pling). Given that it is the cooler and wetter plots that support
persistence of P. nemorosa during dry conditions, it is likely that the
observed shifts result from a greater competitive ability of
P. ramorum during wet periods known to foster its sporulation (i.e.,
hypothesis H2a is supported over H2b and H2c).

Examination of individual-level colonization patterns over the
duration of the study for trees in the four plots with significant
P. nemorosa infection highlights the contrasting prevalence of the
two pathogens while also revealing a more complex dynamic.
Although the dominant trend was a majority of trees (76/131, or
58%) with only P. nemorosa detected in 2009 and a majority (58.8%)
with only P. ramorum detected in 2011, P. nemorosawas detected in
a sampling period following a P. ramorum positive result in nearly
half (42.7%) of these trees. This suggests that competitive exclusion
of P. nemorosa by P. ramorum is not absolute at the whole-tree level.
As our sampling design involved testing of multiple leaves per tree,
molecular screening is likely to indicate the dominant pathogen on
the tree at the given sampling period when only a single pathogen
is detected; however, the presence of many evergreen leaves pro-
vides the opportunity for both pathogens to persist. Whether
P. ramorum establishes and outcompetes preexisting P. nemorosa on
leaves under natural conditions was not established in the present
study, nor was whether P. nemorosa recurrence results from new
leaf colonization or from persistence on older leaves. However, the
contrasting trends in colonization prevalence strongly suggest that
P. ramorum is gaining dominance on individual trees through in-
direct (more extensive colonization of new leaves) and/or direct
displacement of P. nemorosa.

Two additional results support the conclusion of competitive
interactions as a major factor influencing the observed prevalence
of the two species. The first is the contrasting relationship between
Bay Laurel density and prevalence of the two species; while
P. ramorum prevalence was positively correlated with Bay Laurel
density, P. nemorosa prevalence was negatively correlated with it.
However, previous studies have shown occurrence of both
P. ramorum and P. nemorosa to be positively correlated with Bay
Laurel density (Murphy and Rizzo, 2006; Wickland and Rizzo,
2006; Murphy et al., 2008). This seemingly paradoxical result
could be explained by the higher competitive ability of P. ramorum
due to increased sporulation levels, which result in more effective
plant to plant transmission levels than those of P. nemorosa. Lower
. nemorosa and P. ramorum in all plots at each sampling event. The non-parametric
een the proportions of the two pathogens in a given sampling period are denoted

Peak 2010 Late 2010 Early 2011 Peak 2011 Late 2011

�0.5045 0.3806 �0.2315 �0.6172 �0.4144
0.0551 0.1617 0.4064 0.0142* 0.1407



Fig. 4. Total DNA quantity in leaf lesions estimated by qPCR for P. nemorosa (N),
P. pseudosyringae (P) and P. ramorum (R); SS ¼ single-species inoculation. The 3 panels
represent the results of an ANOVA and Tukey-HSD post-hoc test, divided by species.
Symbols represent means ± SE; Log10(x)-transformed data were plotted. Open squares
are results at 14 �C; filled diamonds at 18 �C. Results not sharing the same letter in
Tukey HSD Test results tables were significantly different at p < 0.05. Results of in-
teractions between P. nemorosa and P. ramorum are highlighted in boxes.
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Bay Laurel density may thus favor P. nemorosa persistence indi-
rectly by reducing sporulation potential of P. ramorum. The second
line of supporting evidence is provided by the results of the in vitro
co-inoculation studies. These results show an antagonistic rela-
tionship between P. ramorum and P. nemorosa, with P. ramorum co-
inoculation resulting in a significant decrease in colonization of
P. nemorosa.
Because competition can be mediated by environmental con-
ditions (Marín et al., 1998; Liancourt et al., 2005), and because
in vitro growth of these three pathogens suggests differing optimal
growth conditions, we replicated the co-infection experiment at
two temperatures, 14 �C and 18 �C, reflecting growth optima pre-
viously determined for the three species in vitro (Hansen et al.,
2003; Jung et al., 2003; Englander et al., 2006; Wickland et al.,
2008). Results indicate that the effect of these selected tempera-
tures was small, as there were no significant differences between
the same treatments at different temperatures.

The observation of only one Phytophthora species' DNA in the
vast majority of leaf samples suggests that a direct competitive
displacement of existing P. nemorosa colonization by P. ramorum on
individual leaves is unlikely. Rather, it is more likely that as leaves
drop and new ones develop, theymay be colonized either by one or
both species. If colonization is simultaneous and inoculum amounts
are similar, our in vitro experimental evidence suggests that
P. ramorum would outcompete P. nemorosa. If P. nemorosa arrives
first and becomes well-established, it appears possible that it could
persist via priority effects, but mostly under environmental con-
ditions unfavorable to P. ramorum sporulation. Several additional
studies could address these hypotheses, including mark-recapture
to study disease dynamics on individual leaves, sequential (rather
than simultaneous) in vitro inoculation studies to study priority
effects, and observation of inoculum production to assess the hy-
pothesis that P. ramorum can displace P. nemorosa at a plot level
through higher inoculum load. Repeated follow-up surveys of
currently asymptomatic trees (Supplementary Table 4), as well as
other sites in which the two pathogens have been reported to co-
occur (e.g., Murphy and Rizzo, 2006), would shed additional light
on the results of their interactions.

Based on the results of the field and laboratory studies, we sug-
gest the following scenario: P. nemorosa and P. ramorum can coexist
at a landscape level during drought conditions; however, when
conditions are favorable for sporulation, P. ramorum is a formidable
competitor that can outcompete P. nemorosa in colonizing new leaf
surfaces. Inoculum load appears to be the major factor in this suc-
cess, as evidenced by greater persistence of P. nemorosa in plots with
lower Bay Laurel density and the shift toward greater persistence of
P. ramorum in years with adequate rainfall that promotes sporula-
tion. In drier conditions, lower Bay Laurel density appears to keep
P. ramorum prevalence in check. However, when environmental
conditions become favorable to high inoculum production of
P. ramorum, this higher inoculum in addition to better competitive
ability swamps out the effect of low host density. Along with pre-
vious results showing a positive correlation between Bay Laurel
density and P. ramorum occurrence, and that leaves rather than soil
are the major source of disease persistence and transmission (Eyre
et al., 2013), our results highlight the importance of host density in
expanding the Sudden Oak Death epidemic. These results also pro-
vide support for recommendations of local Bay Laurel removal to
help prevent infection of high-value oaks on a small scale (California
Oak Mortality Task Force; http://www.suddenoakdeath.org/
diagnosis-and-management/treatments/).

Given that the geographic range of P. pseudosyringae includes all
surrounding directions that contain terrestrial habitat (Wickland
et al., 2008), lack of detection of this species in our field sites was
somewhat surprising. In vitro co-inoculation showed neutral
coexistence of P. pseudosyringae with P. ramorum and competitive
dominance of P. pseudosyringae over P. nemorosa; therefore, we
conclude that competitive interactions alone cannot account for the
observed field patterns. Similarly, inability to detect
P. pseudosyringae DNA does not explain these results, as the mo-
lecular assay was successful in our laboratory-inoculated leaves,
and a similar assay was validated on field-collected leaves by Tooley

http://www.suddenoakdeath.org/diagnosis-and-management/treatments/
http://www.suddenoakdeath.org/diagnosis-and-management/treatments/
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et al. (2006). As competitive interactions alone appear insufficient
to explain the lack of observed occurrence of P. pseudosyringae, we
hypothesize that this absence can be attributed either to historical
factors or to the absence of microsite differences that might favor
this pathogen. As such ecological differences have not been previ-
ously identified, further research in this area may be important for
understanding the distribution of P. pseudosyringae.

Although all leaves collected in the field showed lesion symp-
toms characteristic of infection by one of the three target patho-
gens, none of these pathogens were detected in approximately
22.5% of samples. This is likely either due to the absence of all three
pathogens or due to samples containing degraded DNA. A number
of other pathogens, including Colletotrichum gloeosporioides, the
fungus responsible for Bay Laurel anthracnose (Davidson et al.,
2003), can cause similar symptoms. Expanding field and labora-
tory studies to include these pathogens may offer insights into the
role of additional competitive interactions in the spread of Phy-
tophthora diseases. If DNA degradation is the cause, it is nonetheless
unlikely to result in biased detection of any of the three Phytoph-
thora species, based on the demonstrated ability of our assays to
detect all three species from leaf material as well as previous results
by Tooley et al. (2006) demonstrating detection of P. ramorum and
P. pseudosyringae from field material.

By combining multi-season, multi-year field surveys with
measurements of environmental conditions and controlled labo-
ratory experiments, this study expands our understanding of Sud-
den Oak Death dynamics by highlighting the environmental and
biotic factors that influence the spread of the SOD epidemic,
including conditions that favor the persistence of ecologically
similar Phytophthora species and those that favor competitive
dominance of P. ramorum. An implication of this study is that
prediction and management of the disease should consider envi-
ronmental conditions, host range, and the presence of potentially
interacting Phytophthora species, particularly P. pseudosyringae,
which based on our in vitro results may have better competitive
ability than P. nemorosa against P. ramorum. These conclusions are
important not only from a theoretical perspective, but also because
these three species have extremely different end-effects in the
ecosystems they colonize, with P. nemorosa and P. pseudosyingae
being pathogens causing limited host mortality and P. ramorum
being one of the most destructive forest pathogens currently
known. Our findings may help to better predict the outcome of this
expanding pathogen in light of different ecological conditions,
presence of competitors, and changing climatic conditions.
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