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ABSTRACT

Tjosvold, S. A., Chambers, D. L., Koike, S. T., and Mori, S. R. 2008. Disease on nursery stock
as affected by environmental factors and seasonal inoculum levels of Phytophthora ramorum in
stream water used for irrigation. Plant Dis. 92:1566-1573.

A pear bait monitoring system was used to detect and quantify Phytophthora ramorum
propagules in streams that flow through woodland areas with sudden oak death in Santa Cruz
County, CA from 2001 to 2007. Stream propagules were detected most frequently or occurred in
highest concentrations in winter and spring. The stream propagule concentration was character-
ized with statistical models using temperature and rainfall variables from 2004 to 2007. The
highest concentrations of propagules occurred when stream sampling was preceded by about 2
months with low maximum daily temperatures and by 4 days with high rainfall. The occurrence
of propagules in streams in the summer was mostly associated with infected leaves from the
native host Umbellaria californica that prematurely abscised and fell into the water. When the
stream water was used for irrigating rhododendron nursery stock from 2004 to 2007, disease
occurred only three times in the two wettest springs (2005 and 2006) on plants sprinkler irri-
gated with stream water with relatively high concentrations of propagules. Disease incidence
was described with a statistical model using the concentration of infective propagules as meas-
ured by pear baiting and consecutive hours of leaf wetness measured by electronic sensors at
rhododendron height. The concentration of infective propagules was significantly reduced after

water was pumped from the stream and applied through sprinklers.

Phytophthora ramorum is the causal
agent of the disease known as sudden oak
death (SOD). The pathogen causes trunk
cankers and widespread mortality on tan-
oak (Lithocarpus densiflorus) and oak
(Quercus spp.) (19), and leaf spots and
blights on numerous other native hosts in
California and Oregon woodlands (1,5).
The pathogen was described as a new Phy-
tophthora species in 2001, but it was ob-
served as early as 1993 to cause leaf
blights and mortality on rhododendron and
viburnum in nurseries and public gardens
in Germany and the Netherlands (27). With
the recognition that this newly identified
pathogen caused SOD, intensive nursery
stock and public garden inspections en-
sued, and P. ramorum was found in several
European countries. In December 2000, P.
ramorum was first discovered infecting
rhododendron nursery stock in California
(8). By 2003, agricultural inspectors found
the pathogen infecting nursery stock in
California, Oregon, Washington, and Brit-
ish Columbia, Canada. In 2004, the disease

Corresponding author: S. A. Tjosvold
E-mail: satjosvold @ucdavis.edu

Accepted for publication 5 August 2008.

doi:10.1094/PDIS-92-11-1566
© 2008 The American Phytopathological Society

1566 Plant Disease /Vol. 92 No. 11

became a national concern when a large
wholesale nursery in California shipped
camellia plants infected with P. ramorum
to nurseries and other customers in 40
states. Presently, the Animal and Plant
Health Inspection Service (APHIS) Plant
Protection and Quarantine (PPQ) Agency
lists 110 plant taxa as proven or associated
hosts (1). There are various state, federal,
and international quarantine restrictions
placed on the movement of plants or plant
parts of these listed hosts.

Once propagules are produced by Phy-
tophthora spp. in natural environments,
they can be moved from affected drainages
through rain, runoff, and in streams as well
as other means (7,18). Perennial and in-
termittent streams often run through areas
of high incidence of SOD in California and
Oregon woodlands, and P. ramorum has
been detected in these streams (6,24).
Stream water is sometimes used for irriga-
tion by nurseries and landowners, and
consequently propagules might be pumped
from streams, moved through irrigation
systems, and dispersed onto nursery or
landscape hosts.

There are many important factors that
should be understood to manage the risk
involved with using contaminated irriga-
tion water in a nursery or landscape. It is
important to have an effective method to
detect and quantify propagules in the
stream and to understand the environ-

mental conditions that are favorable to
disease when stream propagules are pre-
sent. We first monitored for the presence of
P. ramorum propagules for over a year in
several local streams flowing through areas
where there was a high incidence of SOD
to determine the general distribution of
infested streams. Then for more than 4
years, we monitored propagule presence
and concentration in one of these infested
perennial streams. Concurrently, rhodo-
dendrons in an experimental layout that
simulated nursery conditions were irri-
gated when needed with this stream water
and noninfested domestic water. Each
water source was applied with sprinkler
and drip irrigation methods. The results
from experiments will help determine the
usefulness of stream baiting to detect and
quantify propagules in streams and to as-
sess the risk involved in irrigating with
contaminated stream water, and provide
information for the development of nursery
management practices to control this dis-
ease.

MATERIALS AND METHODS

Pear baiting of stream samples to de-
tect and quantify propagules. For the
stream survey (2001 to 2002) and irriga-
tion experiment (2004), the stream water
sample was collected and baited with two
green (unripe) D’Anjou pears. Pears were
purchased as needed in small lots and
stored under refrigeration until used. For
the irrigation experiment (2005 to 2007),
each of the three 8-liter stream water sam-
ples was baited with three pears. First, the
pears were washed with liquid dishwash-
ing detergent, rinsed, and allowed to dry.
The pears were then suspended in each
water sample so that half of each pear was
submerged in the water by means of plastic
bird netting secured to the bucket with
elastic cords. The pears were incubated in
the water samples for 24 h and then gently
rotated to expose the entire pear to the
water samples that potentially contained
propagules. After another 24 h, the pears
were removed from the water and placed
on absorbent paper towels for an additional
48 to 72 h at a mean temperature of 20°C
in open air and natural light. After some
experience with subculturing, lesions
caused by Phytophthora species could
easily be separated from those lesions
caused by Pythium species (as described in
Results section). Tissue from the margin of



each discrete lesion caused by Phy-
tophthora species was transferred to 10-cm
petri  dishes  containing  pimaricin-
ampicillin-rifampicin-pentachloronitroben-
zene selective agar (PARP) (7). Those
colonies with the characteristic morpho-
logical features of P. ramorum were
counted. For the stream survey (2001 to
2002) and 2004, only the presence or ab-
sence of P. ramorum in the water sample
was recorded. For 2005 to 2007, the num-
ber of lesions that produced P. ramorum
colonies on PARP—and therefore an esti-
mate of the number of infective propa-
gules—was determined on each of the
three pears and three water samples. By
having multiple pear baits in each water
sample, a standardized volume of stream
water, and a consistent laboratory incuba-
tion environment, the concentration of
infective propagules was determined for
each water sample (infective propagules/
pear/liter).

Survey of local streams for the pres-
ence of propagules. From April 2001 to
April 2002, stream water was sampled
weekly for the presence of P. ramorum
propagules in seven rivers and creeks in
Santa Cruz County, CA. The area of the
study encompasses multiple types of
mixed evergreen forests characterized by a
Mediterranean climate, with cool, wet
winters and hot, dry summers. The geog-
raphy captures rainfall into the following
four primary watershed basins: the San

Lorenzo River (275 km?), Soquel Creek
(83 km?), Aptos Creek (65 km?), and Cor-
ralitos/Salsipuedes creeks (72 km?). All
major watersheds, along with some tribu-
taries, were represented in this study, in-
cluding Lompico Creek, near Felton, CA,
which later became the water source for
the irrigation experiment. All streams were
perennial except Bean Creek, which dried
in late spring. All northern streams drained
through woodland known to contain SOD.
California bay (Umbellaria californica)
was a common infected native host in
these watersheds. The two most southern
streams, Corralitos and Aptos creeks,
drained through woodland that contained
hosts of SOD, but the pathogen had not
been confirmed in those regions (Fig. 1).
The samples were taken mostly well
downstream from the suspected diseased
watersheds. At some sampling sites, hosts
of P. ramorum were visible. The samples
were taken and transported to a laboratory
and evaluated for the presence and concen-
tration of P. ramorum as described earlier.

Irrigation experimental site and plant
material. Experimental site. All irrigation
experiments were conducted on a parcel of
private land adjacent to Lompico Creek in
Felton, CA. Lompico Creek drains a heav-
ily SOD-infested watershed (Fig. 1). In-
fected hosts were visible from the point
where the stream sample was taken.

Plant material. All experimental plants
consisted of well-established 3.8-liter con-

tainerized rhododendrons, Rhododendron
‘Cunningham’s White’, obtained from a
commercial nursery in one large lot at the
beginning of each of the 4 year’s experi-
ments. Plant height (including container)
varied somewhat with annual lots, but
ranged from 40 to 80 cm. Plants were
maintained without the use of fungicides
under 40% shade cloth, fertilized with 6
g/pot slow release fertilizer (21-5-6 Apex,
J.R. Simplot) every 4 months, and irrigated
when needed based on environmental de-
mand.

Irrigation experiments and layout.
Experimental treatments. There were four
experimental periods in 2004, 2005, 2006,
and 2007 (until July), each beginning in
January with new rhododendrons placed in
experimental plots. The nearby stream
(Lompico Creek) was sampled weekly or
biweekly, and samples were evaluated for
the presence and/or concentration of P.
ramorum propagules with the baiting tech-
niques described earlier. Each year, the
experiment used a randomized complete
block experimental field design; there were
six blocks, each treatment plot consisting
of three rhododendrons spaced approxi-
mately 13 cm apart. Each treatment plot
grouping was arranged in the center of a
95 x 82 x 16 cm (height) wooden pallet
spaced 1 m apart. This arrangement elimi-
nated pot contact with the soil and rain
splash onto foliage from the soil. When
plants required water, the plants in the

® Sudden oak death confirmed in watershed

. Sites where stream samples taken

Fig. 1. Locations of stream sampling sites for Phytophthora ramorum and confirmed locations with sudden oak death in Santa Cruz County, CA.
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experimental plot were irrigated with the
appropriate irrigation treatment: (i) domes-
tic water applied with sprinkler irrigation,
(i) domestic water applied with drip irri-
gation, (iii) stream water applied with
sprinkler irrigation, and (iv) stream water
applied with drip irrigation.

Water sources. The experiments re-
ceived natural rainfall and in dry periods
were irrigated with water supplied from
either domestic or stream water. Domestic
water (chlorinated at 0.3 to 0.7 ppm) was
plumbed off of a nearby water supply
originating from the local San Lorenzo
Water District. Stream water was pumped
from the nearby perennial stream (Lom-
pico Creek) with a 560 W electric impellor
pump and filtered at the pump through a
fiberglass window screen and sediment
filter. The water was pumped from the
stream at an initial pressure of 525 to 595
kPa (75 to 85 psi) through a 1.9-cm black
poly tube for approximately 200 m upslope
to the irrigation experiment where the
irrigation systems operated at 245 to 280
kPa (35 to 40 psi).

Irrigation methods. Each sprinkler irri-
gation plot utilized brass nozzle sprinkler
heads (Champion SF-9, 140 kPa [20 psi], 6
liters/h) on inverted “J” shaped risers al-
lowing the sprinkler heads to be installed
upside down and therefore restricted water
application to the foliage and pots of the
experimental plot. Drip irrigation plots
utilized pressure compensated drippers
(Pepco #12503117, 1.9 liters/h/plant), and
water was applied directly to the soil and
not to the foliage. Irrigations were made
when approximately half the available soil
water had been used by the plant as meas-
ured by a gravimetric method. Water was
applied until container capacity was
reached and an additional 20% leaching
fraction was added. On average, this took
approximately 45 min for sprinkler and 1 h
for drip irrigations.

Occurrence and concentration of
propagules in stream water. Stream sur-
vey. One 8.0-liter water sample was col-
lected weekly from April 2001 to April
2002 from each of the seven selected
streams and transported on the same day to
our local laboratory in Watsonville, CA for
processing.

Irrigation experiment. Three 8.0-liter
samples were collected approximately
biweekly in 2004 and weekly from January
2005 to July 2007 from Lompico Creek
near Felton, CA near the point where the
stream water was pumped for the stream
irrigation treatments. To assess if there was
any loss of propagule viability as the
stream water was pumped from the stream
to the sprinkler-irrigated plants, three addi-
tional 8.0-liter stream water samples were
collected by dipping the running sprinkler
heads into the collection buckets from 1
April 2005 to 20 October 2006.

Samples were collected in 13.3-liter
polyethylene buckets that had been disin-
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fected with 70% ethanol and then triple-
rinsed in the source water before sampling.
Water samples were collected by dipping
the container carefully into the surface of
the stream to help exclude plant matter and
other debris from the sample. The infective
propagules present in the stream water
were determined with pear baiting as de-
scribed earlier for both stream and sprin-
kler locations.

Evaluation of disease incidence and
severity in irrigation experiments. Every
2 weeks, the rhododendrons in the experi-
mental plots were monitored for disease
symptoms. Leaf lesions characteristic of
that caused by P. ramorum were removed
and plated on PARP and incubated in the
dark at a mean temperature of 20°C for
identification. The number of infected
plants and infected leaves on each plant
were recorded for each observation date
for each treatment plot.

Environmental monitoring and corre-
lation with disease and P. ramorum in
streams. Rainfall (mm), ambient tempera-
ture (°C), and leaf wetness (%) (after
2004) at plant height were measured at the
Lompico Creek/irrigation experimental
site with digital sensors (respectively S-
RGA-M002, S-TMB-M002, and S-LWA-
MO003, and recorded on either H21-001 or -
002 data loggers, Onset Computer Co.,
Pocasset, MA).

Statistical analysis. Comparing infec-
tive propagules in stream and sprinkler
irrigation water. The infective propagule
counts were analyzed with Poisson regres-
sion models from the family of the gener-
alized linear models (GLM) for over-
dispersed Poisson distributed responses
(counts) to address potential overdisper-
sion arising from the day effect (12).
Treatment, year, and treatment—year inter-
action were explanatory variables:

Expected propagulea/pear/liter_count[vyv”y,|gj(y,]

_ eTreal| +Yeary+Treat*Yeaky +£(y)

where r = 1,2 (1 = stream, 2 = sprinkler)
and y = 1,2 (1 = year 2005, 2 = year 2006),
j() = Julian day nested in year, € is the
overdispersion error due to the day effect
(three samples per sampling Julian day),
and “|” means ‘“conditioned to”. The
maximum likelihood estimation (MLE)
technique was used to estimate the model’s
parameters with SAS (v. 9.1.3) NLMIXED
procedure, and the likelihood ratio test was
applied to make the statistical comparisons
(21).

An explanatory model for the concentra-
tion of infective propagules in stream wa-
ter. The model’s explanatory variables
were functions of daily temperature (°C)
and daily rain (mm) from periods prior to
sampling dates.

The stream infective propagule counts
(infective propagules/pear/liter) were ana-
lyzed with the GLM Poisson regression
models for over-dispersed Poisson distrib-

uted responses (counts) to address poten-
tial overdispersion arising from unknown
sources. The candidate for the temperature
explanatory variable was related to the
time period: (i) temperature (daily average
or maximum °C) for all the days in a given
daily interval prior to the sampling day, or
(ii) temperature (daily average or maxi-
mum °C) for the first 7 days for a given
interval prior to the sampling day. The
candidate for the explanatory rain variable
was related to time period: (i) daily aver-
age (mm) of a given daily interval prior to
the sampling day, or (ii) the daily average
(mm) of the first day of a given daily inter-
val prior to the sampling day.
The statistical model is:

Expected[propagul es/pear/liter_count; |g] =
eTerrperaturei effect; +Rain _ effect; +&

where i = 1 to total number of days since
the experiment start, “|” means “condi-
tioned to”, and € is the overdispersion
error.

Temperature-effect = Aver_temp =
1
> Temperature,
d=ndays

ndays

or

Temperature-effect = Aver7_temp =
ndays-7
> Temperature,

d=ndays
7 s
Rain-effect = Aver_rain =
1
> Rain,
d=ndays

ndays

or

Rain-effect = Back_rain = Rain, jay,

The choice of the functions of temperature
and rain as candidate explanatory variables
were based on exploratory analyses and
known biological parameters of P
ramorum. The models’ parameters were
estimated with the SAS (v. 9.1.3) GEN-
MOD procedure (21). The best model was
selected using the Akaike QAIC criterion
(3). The significance of the explanatory
variables (temperature and rain) was
evaluated by their P values and the sign of
the coefficient.

An explanatory model for disease inci-
dence. Disease incidence (number of
plants with foliar infection) was analyzed
with the GLM Poisson regression models
for over-dispersed Poisson distributed
responses (counts) to address potential
overdispersion arising from unknown
sources. The two candidates for explana-
tory variables were (i) the maximum num-
ber of stream infective propagules
(propagules/pear/liter) selected from the
actual spline-smoothed data during the
selected irrigation period prior to the dis-
ease evaluation date, and (ii) the maximum
number of consecutive hours with leaf
wetness less than a given percent (50, 10,
and 5%) and within a given temperature



minimum (2 or 5°C) and maximum (12 or
20°C) on the selected irrigation date hav-
ing the maximum propagule concentration.
Periods of 7, 14, 21, and 28 days prior to
the disease evaluation date were tested,
and leaf wetness hours and temperatures
for periods (2 or 3 days) at each irrigation
date prior to the disease evaluation date.
Leaf wetness and temperature periods
were “shifted” to begin on the selected
irrigation date at 6 pM. This facilitated
testing the models using data during a
period where the greatest number of con-
secutive “wet” leaf wetness hours would
be expected, which was during the evening
and night period.
The statistical model is:

Expected[pl ant_ disease _ count|, ]=
e#leaﬁmetihourq +max_ propagules/ pear /literj +&;

The choice of the functions as candidate
explanatory variables was based on ex-
ploratory analyses and known biological
parameters of P. ramorum, where i = 1 to
total number of days since the experiment
start, “|” means “conditioned to”, and ¢ is
the overdispersion error. The periodic
spline-smoothing of the maximum number
of stream infective propagules was done
with the R bs.per.ek function (15). The
model’s parameters were estimated with
the GENMOD procedure (21). The best
model was selected using the Akaike
QAIC criterion (3).

RESULTS

Occurrence of propagules in local
streams. Necrotic lesions on baited pears
resulting from Phytophthora and Pythium
spp. infections had distinctive characteris-
tics, and they easily could be separated
visually. Lesions caused by Phytophthora
species were firm, often diffuse, and in a
rosette pattern. Lesions caused by Pythium
species were soft, not diffuse, sunken,
often with a broken skin, and compara-
tively fast-growing. All Phytophthora-like
lesions that were not contaminated with
other organisms were subcultured, and P.
ramorum was identified in approximately
90% of the isolates from those lesions.
Other Phytophthora isolates were not iden-
tified to species.

P. ramorum was detected during the
survey period (April 2001 to April 2002) in
all streams except the two most southern

streams, Corralitos Creek and Aptos
Creek. These two streams were the only
ones sampled where P. ramorum had not
been confirmed in their watersheds (Fig.
1). The pathogen was regularly detected
during the period following the beginning
of winter rainfall and through early spring
(January 2002 through March 2002). It
was only detected once in the San Lorenzo
River during the characteristic warm, dry
summer months of the survey period fol-
lowing a relatively long and heavy thun-
derstorm (18 September 2001) in the
river’s drainage (Table 1).

Disease occurrence and concentration
of propagules in stream water used for
irrigation. 2004. Propagules were regu-
larly detected during the rainy winter and
early spring (December 2003 to April
2004) with the two-pear baiting method in
Lompico Creek with single water samples.
Later, in dry conditions (23 May and 23
June), it was detected after infected Cali-
fornia bay leaves were blown into the
stream by unusually strong winds (10 to 11
May). Rhododendron nursery stock re-
quired the first irrigation on 13 February.
The spring was unusually dry and warm,
and consequently regular irrigations were
required beginning in early March. No
disease was detected in any of the irriga-
tion treatment plots (Fig. 2).

2005. Propagules were detected during
most of the year in Lompico Creek with
the more robust baiting system (three pears
in each of three water samples). There
were high concentrations of propagules
detected during the winter to late spring,
which were associated with rainy periods.
Rhododendron nursery stock was irrigated
beginning 4 February and intermittently
between rains as required. Leaves infected
with P. ramorum were detected on the
shaded or lower foliage 22 April only on
rhododendrons sprinkler irrigated with
stream water (Fig. 2).

2006. As in 2005, propagules were de-
tected most of the year in the stream with
the more robust baiting system. Again,
there were high concentrations of
propagules detected during the winter to
late spring. Some of the highest concentra-
tions of propagules recorded for the entire
4 years were detected from March to May
during the unusually wet late spring. Rho-
dodendrons did not require the first irriga-
tion until 12 May. Leaves infected with P.

ramorum were detected on the shaded or
lower foliage 26 May and 23 June only on
rhododendrons sprinkler irrigated with
stream water (Fig. 2).

2007. As with previous years, there
were relatively higher concentrations of
propagules in the spring. Propagules were
detected until just before the experiment
was concluded 1 July 2007. This was a
relatively dry spring with little appreciable
rainfall after the end of February. Rhodo-
dendron stock was regularly irrigated be-
ginning 27 February. No disease was de-
tected in any of the irrigation treatment
plots (Fig. 2).

Propagule concentration after pump-
ing and application with sprinklers.
When propagules were detected in the
stream, they were also detected in the
stream water after it had been pumped
from the stream, moved through the irriga-
tion pipe, and applied at the sprinkler
heads. However, when the levels were
compared in 2005 and 2006, the irrigation
water samples significantly contained 39%
fewer viable propagules than were found
directly from the stream (0.09 versus 0.23,
respectively, mean infective propagules/
pear/liter) (P < 0.0001) (Fig. 3).

An explanatory model for stream in-
oculum concentration. There was a
strong association of temperature and rain-
fall amounts to the stream propagule con-
centration (Fig. 2). Statistical modeling
helped determine the relationship of time
to those environmental parameters. The
best model to explain the stream propagule
concentration (lowest QAIC,) used the
mean maximum temperature in a 7-day
period, 62 to 68 days, prior to sampling
and the mean daily rainfall 4 days prior to
the sampling date:

Stream propagulei = ¢*8+0.049Rain - 0.15 maxTemp

The estimated coefficients were statisti-
cally significantly different from 0 at a-
level = 0.05, where Rain is the actual mean
rainfall (mm) 4 days prior to the stream
sampling date and maxZemp is the mean
maximum daily temperature (°C) 62 to 68
days prior to the stream sampling date
(Fig. 4).

An explanatory model for disease in-
cidence caused by P. ramorum on rho-
dodendron irrigated with stream water
by sprinklers. In the 4 years of irrigation
experiments, there were only three times

Table 1. Positive detection (+) of Phytophthora ramorum in streams of Santa Cruz County, CA sampled weekly from April 2001 to April 2002

9 Apr 18 Sept 4 Jan 31 Jan 8 Feb 19 Feb 28 Feb 10 Mar 19 Mar 25 Mar
Stream 2001 2001 2002 2002 2002 2002 2002 2002 2002 2002 Total
Bean Creek + + + + + + + 7
Soquel Creek + + + 3
Lompico Creek + + + 3
Branciforte Creek + + + + 4
San Lorenzo River + + + + + + 6
Aptos Creek 0
Corralitos Creek 0
Total 1 1 2 1 2 4 2 5 2 3 23
Plant Disease / November 2008 1569



that disease was detected on rhododen-
dron, and only on those plants that were
sprinkler irrigated with stream water.
When disease occurred, it was found on
multiple leaves of multiple plants in multi-
ple treatment blocks. There was an asso-
ciation of temperature, leaf wetness,
stream inoculum concentration, and irriga-
tion date to that of disease occurrence (Fig.
2). Statistical modeling was limited since
there were only three disease detections.
However, the best model (lowest QAIC,)

used the maximum stream concentration
during irrigations as one variable and
maximum consecutive hours where high
leaf wetness occurred (50% or greater) as
another variable:

Number plants diseased =
612'2 + 0.26hours_LW + 9.9conc._propagules

These parameters gave the best model fit
when applied under conditions with a rela-
tively cool temperature range (2 to 12°C)
and when applied to periods 7 or 14 day

before disease detection, although the best
fit was for 7 days. The estimated coeffi-
cients were statistically different from 0 at
a-level = 0.05. Conc._propagules is the
maximum number of stream infective
propagules (propagules/pear/liter) selected
from the actual spline-smoothed data dur-
ing the selected irrigation period prior to
the disease evaluation date, and hours_LW
is the maximum number of consecutive
hours with leaf wetness 50 or greater. Us-
ing this disease explanatory model, a table
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was developed to better illustrate how
disease incidence on rhododendron was
affected by different possible combinations
of leaf wetness hours and propagule con-
centration in our experiment (Table 2).

DISCUSSION

Streams flowing through watersheds
with SOD can contain viable P. ramorum
propagules year-round. Single stream
samples with two pear baits, a consistent
laboratory incubation environment, and a
standardized sample volume of stream

water were sensitive enough to identify
watersheds with or without SOD. When
this monitoring system was intensified—
three stream samples baited with three
pears each—the infective propagule con-
centration could be estimated. For nearly 4
years, this robust pear bait monitoring
system gave consistent, epidemiologically
valuable data. Pear bait monitoring sys-
tems are considered to be highly useful for
detecting Phytophthora species from vari-
ous bodies of water in the field (9,13,29)
and for detecting P. ramorum in stream

water (6). Another monitoring system us-
ing membrane filters can be sensitive in
detecting and quantifying Phytophthora
species in water sources (11,17,20). How-
ever, membrane filters can easily become
clogged by stream colloidal particles and
other debris before sufficient water has
been filtered for the procedure, and large
numbers of propagules could be inadver-
tently caught by prefilters, although the
selection of the filter may ameliorate this
problem (10). Rhododendron leaf baits
used for in-stream monitoring for P
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Fig. 3. Comparison of infective propagules of Phytophthora ramorum in stream and after pumping at the sprinkler head.
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ramorum (14) are best suited for P
ramorum detection (presence/absence) and
not for quantification of propagules in
stream water. Lesions of P. ramorum on
rhododendron leaf baits cannot be visually
distinguished from lesions caused by other
water molds, and baiting in streams is not
done under standardized temperature incu-
bating conditions or with known sample
volumes. All these monitoring methods,
including our pear baiting method, only
give results that are correlated with the
total number of propagules present be-
cause, by their nature, they only detect a
subset of the actual numbers of infective
propagules in the stream sample. It would
be informative to correlate the results ob-
tained with this pear baiting monitoring
system with known numbers of P
ramorum propagules in serial dilution, so
that standardized levels could be equated
with other standardized research projects.
Our findings of a seasonal pattern of
propagule occurrence in stream water in
Santa Cruz County were consistent with
the presence of propagules in rainwater in
a similar California mixed evergreen forest
in Sonoma County, CA (6). In that study,
the collection of propagules in rainwater
was attributed to sporangia production
from nearby California bay trees. More-
over, the period between the start of rains
and the detection of relatively high levels
of propagules in the winter and early
spring was attributed to the breaking of the
pathogen’s dormancy on over-summered
leaves. Our stream propagule statistical
model strengthens this developmental
explanation. The statistical model illus-
trates that stream propagule concentration
is a function of a negative coefficient for
the maximum temperature variable for
periods about 2 months (62 to 68 days)
before stream sampling. Therefore, the
very cool temperatures that occur in the
fall and early winter are perhaps the most
important factor to break dormancy and
begin vigorous pathogen development. The
model does not necessarily indicate that
rain is not important at that time. In fact,
light rains, which are common in the fall,
could be important for pathogen develop-
ment and secondary infections on hosts,
increasing potential inoculum sources for

winter or spring. The stream propagule
concentration is also a function of a posi-
tive coefficient for the rainfall variable
when applied to periods up to 4 days be-
fore stream sampling. Therefore, high
rainfall just preceding stream sampling
perhaps could initiate sporulation, and if
sufficient, wash propagules from the leaves
and carry the propagules in waterways and
eventually into streams.

Propagules could be detected anytime of
the year with the robust pear bait monitor-
ing system, although they were found less
commonly or at low levels in the seasonal
dry periods. A positive detection in the San
Lorenzo River in late summer 2001 was
preceded by an unusually heavy thunder-
storm. This could be explained with the
stream propagule statistical model, which
predicts that rainfall is needed just preced-
ing the stream sampling to detect
propagules. However, propagules detected
in streams in seasonal dry periods must be
explained in another way, and several ob-
servations of ours and others provide a
possible explanation. First, we detected
propagules unexpectedly following an
unusual windstorm in a dry period, 10 May
2004. Following the windstorm, we ob-
served infested California bay leaves float-
ing in masses in shallow pools throughout
the stream. We also commonly observed
infected California bay leaves and infected
trees or wind-damaged branches of hosts
that had fallen into the local streams dur-
ing dry seasonal periods. Accelerated ab-
scission as a consequence of P. ramorum
infection has also been observed in several
ornamental hosts (23,25), and abscission
of infected California bay leaves also
seems to occur readily. Another study
showed that flooding California bay leaves
could produce abundant spores in less than
48 h under laboratory conditions (6).
Therefore, where California bay is a ubiq-
uitous host along or near streams, infected
leaves could fall into the streams, and
floating infected leaves could sporulate
and produce a significant detectable level
of inoculum during seasonal dry periods.

During the 4 years of irrigation experi-
ments, disease caused by P. ramorum was
only detected three times in the spring on
rhododendrons that were sprinkler irri-

Table 2. Percent diseased Rhododendron plants as affected by stream propagule concentration of Phy-
tophthora ramorum and consecutive leaf wetness hours as measured at plant height?

Leaf wetness hours

Estimated percent diseased plants

Propagules/pear/liter at 2 to 12°C (95% confidence intervals)
0.05 18 0(0,5.6)
0.1 17 0(0,5.6)
0.2 16 5.6 (5.6,11.1)
0.3 15 5.6 (0,16.7)
0.35 14 5.6 (0,16.7)
0.45 13 11.1 (5.6,22.2)
0.55 12 16.7 (11.1,33.3)
0.65 11 27.8 (11.7,50.0)
0.75 10 50.0 (27.8,88.9)

2 Percent diseased plants estimated from explanatory statistical model with 95% confidence intervals.
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gated with stream water. The important
factors and interactions that are involved in
disease occurrence can be demonstrated
with the data for leaf wetness, temperature,
stream propagule concentration, and irriga-
tion dates over the 4 years of the irrigation
experiment. In the spring, the number of
propagules present in irrigation water can
be sufficiently high to cause disease on
rhododendrons. Disease only occurred in
2005 and 2006 when rainfall and
propagules were at their highest levels.
The unusually wet spring of 2006 was
particularly noteworthy, as disease was
detected only 14 days following the first
irrigation with stream water that contained
the highest levels of propagules recorded
in the 4 years of the irrigation experiment.
No disease occurred at other times of the
year. This was probably because either the
inoculum levels were too low (fall), envi-
ronmental conditions were not conducive
to disease development (summer), or irri-
gation with infested stream water was not
necessary because rainfall was sufficient to
meet transpiration requirements of the
rhododendrons (winter).

During this study, disease occurred with
a plant infection rate of 30.0% (April
2005), 22% (May 2006), and 9% (June
2006). Another nursery irrigation study
(28) wused artificially infested sprinkler
irrigation water and relatively high levels
of P. ramorum propagules (up to an esti-
mated maximum of 3.0 x 10° zoo-
spores/liter), and the maximum infection
rate on rhododendrons in all experiments
was less than 19%. Although it is not pos-
sible to compare propagule levels of the
different experiments, disease only oc-
curred on the lower portions of the plants
in both studies. This is where the longest
leaf wetness periods would occur and ul-
traviolet radiation, which is deleterious to
zoospores, would be insignificant or
minimal. Although these infection rates
might be considered low compared to
other foliar diseases, the fact that the dis-
ease was detected in relatively obscure
areas of the plant indicates that detection
in a nursery could be difficult. In our ex-
periment, leaves were removed soon after
symptoms were expressed, thus limiting
the source of inoculum for secondary in-
fection, and experimental plots were sepa-
rated by more than 1 m, increasing air
movement between experimental plants
and aiding the drying of the perimeters of
the small experimental plots. In commer-
cial nurseries, the dense spacing and large
lots of nursery stock would be expected to
provide the conditions that promote secon-
dary infections and, if left uncontrolled, a
high infection rate once detected.

There was no disease detected on drip
irrigated plants with contaminated stream
water, indicating that propagules needed to
be directly applied to the foliage, or
propagules that are applied to the soil
could not splash in sufficient numbers to



the foliage, for example, with subsequent
turbulent rain episodes. Root infections are
possible on rhododendron when soil be-
comes infested with P. ramorum (16,22).
At the conclusion of the last experimental
year (summer 2007), roots were sampled
from six plants that received stream water
for drip and sprinkler irrigation, but no
root infection was detected. This, however,
was the same year that disease was not
detected on the rhododendron foliage and
propagule concentration was low during
this period, so no conclusions should be
drawn that root infections are not possible
with stream water used for irrigation.

The natural levels of P. ramorum inocu-
Ium found in the stream varied from 0.0 to
nearly 2.5 infective propagules/pear/liter,
although during most irrigation periods it
ranged from O to less than 1.0 propagules/
pear/liter. Propagules were reduced sig-
nificantly, by 39%, by the time they were
pumped from the stream and applied to the
plants during the period these two water
sources were compared. The reduced
propagule concentration at the sprinkler
head can be explained by the movement of
propagules through the tortuous irrigation
system at considerable pressure. Others
have observed lower numbers of Phy-
tophthora species exiting irrigation systems
than entering those systems (4). Catharan-
thus roseus were infected by spraying zoo-
spore suspensions of Phytophthora nicotia-
nae at pressures comparable to irrigation
systems, and there was a consistent reduc-
tion in level of disease with increased appli-
cation pressure regardless of the zoospore
concentration (2). In our experiment, rela-
tively low pressure sprinkler heads were
used (245 to 280 kPa [35 to 40 psi]). How-
ever, in larger commercial nurseries, operat-
ing pressures can commonly be around 420
kPa (60 psi), and these higher pressures
could reduce the propagule level even fur-
ther and decrease disease occurrence.

Monitoring of streams with pear baits
can be useful for detecting periods when
infective propagules are present. With this
fairly simple protocol, nursery operators
could monitor stream propagule levels
with the aid of a suitable laboratory and
trained personnel either on site or through
commercial services. When propagules are
present or, at least, conditions are favor-
able for high propagule concentrations,
nursery operators or landowners would
need to sanitize the water before using it
for irrigation purposes or use noninfested
sources of irrigation water such as well
water. Drip irrigation would greatly reduce
the risk of foliar infection, but we do not
have sufficient knowledge to suggest that
root infections would not occur. Water
sanitation could consist of various useful
methods such as UV radiation, ozone,
chlorination, or various particle and bio-
logical filtration methods (26). Greatest
risk of disease could exist if hosts are
sprinkler irrigated when inoculum levels

are high as occurred in the spring in Santa
Cruz County. Long hours of consecutive
leaf wetness with cool temperatures would
be particularly conducive to disease inci-
dence.
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