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ABSTRACT

Fidanza, M. A., Dernoeden, P. H., and Grybauskas, A. P. 1996. Devel-
opment and field validation of a brown patch warning model for peren-
nial ryegrass turf. Phytopathology 86:385-390.

Microclimate in perennial ryegrass (Lolium perenne ‘Caravelle’) was
monitored for 3 years to identify environmental conditions associated with
brown patch (Rhizoctonia solani) outbreaks and to develop a weather-
based disease-warning model. The micrometeorological parameters mea-
sured were ambient air temperature, relative humidity, leaf wetness dura-
tion, precipitation, soil temperature, soil moisture, and solar radiation.
Brown patch outbreaks were confirmed by the visual presence of foliar
R. solani mycelium. An environmental favorability index (£) was devel-
oped to relate a combination of environmental conditions with brown
patch outbreaks. The initial index (Eg) was based on relative humidity

(RH = 95% for 28 h; mean RH = 75%), leaf wetness duration (26 h) or
precipitation (212 mm), and minimum air (216°C) and soil (216°C) tem-
peratures. Further analyses, however, revealed that an equally effective £
was provided by a two-variable regression model (E,). The E, model is E =
-21.5 + 0.15RH + 1.4T — 0.03372, in which RH is the mean relative
humidity and T is the minimum daily air temperature. For both Eg and E,
models, a threshold value (i.e., E = 6) constituted a brown patch warn-
ing. Brown patch outbreaks were predicted by both models with 85%
accuracy over a 3-year period. All major infection events were predicted.
In 1993, the warning model was used to field evaluate fungicide perfor-
mance in perennial ryegrass and colonial bentgrass (Agrostis tenuis ‘Bar-
dot’). There were equivalent levels of blighting between the warning model
and a 14-day calendar-based spray schedule, but the warning schedule
provided a 29% reduction in fungicide applications.

Brown patch is caused by Rhizoctonia solani (Kiihn) and is a
major disease of turfgrasses worldwide (2,23). In cool-season turf-
grasses, brown patch typically occurs during the summer and is
associated with high temperatures and prolonged periods of high
relative humidity and leaf wetness conditions (25).

Dickinson (8) conducted the earliest investigation on environ-
mental conditions associated with brown patch. On golf-green turf
(Agrostis spp.), Dickinson (8) observed that brown patch symp-
toms coincided with irrigation in the afternoon when maximum
daytime air temperature ranged from 26 to 35°C then decreased
to 15 to 21°C at night. The first reported brown patch warning
model, however, was based solely on air temperature (6). Dahl (6)
observed that brown patch occurred on 82% of days when the
minimum air temperature was >21°C,

Rowley (19) monitored weather associated with development of
brown patch of creeping bentgrass (Agrostis palustris) over a 2-
year period, and used the environmental data to establish weather-
based thresholds of disease risk. The thresholds were integrated
into a model by Schumann et al. (22) that was assessed for ac-
curacy on creeping bentgrass in Georgia, Massachusetts, and New
Jersey. The authors concluded that fungicide applications could
be reduced and acceptable brown patch control could be achieved
by combining weather-based disease warnings with confirmation
of pathogen presence through an enzyme-linked immunosorbent
assay (22).

On high-value turf with low economic tolerance for disease in-
jury, current brown patch management strategies involve the use
of repeated, preventive fungicide applications (30). Urban envi-
ronmental concerns and pest management costs have contributed
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to increased pressure to reduce or limit pesticide use (29). Strate-
gically timed and targeted fungicide applications, as demonstrated
by Hall (13) and Schumann et al. (22), may facilitate a reduction
in fungicide use while maintaining acceptable disease control.

The objectives of this study were (i) to identify environmental
conditions associated with brown patch outbreaks in ‘Caravelle’
perennial ryegrass (Lolium perenne 1.) and (ii) to develop and
field validate a brown patch warning model. The visual appear-
ance of foliar mycelium was the basis for a disease outbreak for
this model because golf-course superintendents invariably spray a
fungicide on greens, tees, and usually fairways if mycelium of R,
solani is present.

MATERIALS AND METHODS

Environmental monitoring. Micrometeorological conditions and
occurrence of brown patch outbreaks were monitored and mea-
sured in a mature stand of perennial ryegrass turf from June 1991
through August 1993. Data from 1991 and 1992 were used to
develop an environmental favorability index (E) for brown patch
development that was field-tested in 1993, The study site was lo-
cated at the University of Maryland Turfgrass Research Facility in
Silver Spring. Soil was a Chillum silt loam (fine-silty, mixed mesic
Ty pic Hapludult), pH 6.0, with 16 mg of organic matter per gof
soil. The turfgrass plots included two mowing height treatments
(17 and 45 mm); the plots were cut three times weekly from May
through August and twice weekly during the spring and fall. Plots
were 1.5 x 3.0 m and were arranged in a randomized complete
block with four replications. The plots were distributed in a larger
study area where fertility treatments were being assessed for their
influence on brown patch. Turf clippings were removed, and turf
was irrigated as needed to prevent drought stress. ‘Caravelle’ per-
ennial ryegrass had been established and subsequently overseeded
at the site for more than 3 years. Prior to renovating the site for
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this study, the study area had been blighted uniformly by natur-
ally occurring populations of R. solani each summer. The site had
received between 150 and 200 kg of nitrogen per ha annually
since 1987.

The summer macroclimate at the study site consisted of warm
temperatures and high atmospheric humidity, classified as tem-
perate continental (27). The region is considered part of a tran-
sition zone between temperate and subtropical climates, which is
suboptimal for temperate zone-adapted turfgrasses (27).

Except when otherwise noted, all sensors, probes, and measure-
ment and control devices were obtained from Campbell Scientific
(Logan, UT). Air temperature and relative humidity were mea-
sured with two sensors at a height of 300 mm above the plant
canopy (model HMP35C). To ensure measurement accuracy, the
instruments were housed in a 12-plate, louvered radiation shield
and protected from direct sunlight and rain. Leaf wetness duration
was estimated by two sensors (model 237) placed horizontally on
the surface of the turf canopy in each mowing height treatment. A
total of four sensors were used. The sensors were coated with flat
white latex paint to improve their accuracy in detecting moisture
(11). The sensors recorded periods of leaf wetness derived when
the electrical resistance was less than 185 kQ (15). Four tem-
perature sensors (model 107) were placed in plots of each mowing
height treatment. The sensors were buried to a depth of 25 + 5
mm (9,18). Soil moisture was measured with gypsum blocks (mod-

TABLE 1. Variables used to calculate the environmental favorability index (E)
to provide a warning for brown patch outbreaks in perennial ryegrass grown
near Silver Spring, MD

Environmental variable¥ Condition Point value®
A: Relative humidity >95% <4h 0
5-7h 1
28 h 2
B: Mean relative humidity <75% 0
=75% 1
C: Leaf wetness duration or 26 h 1

Precipitation in prior 48 h 212 mm

D: Minimum air temperature <16°C -2
216°C 1
E: Minimum soil temperature <16°C -2
216°C 1
F: Precipitation in prior 48 h 240 mm 1

¥ Variables were measured in a 24-h period prior to 0600 h for all days during
the evaluation period.

% Point values were determined for each category (i.e., A through F) and then
were added to calculate E, where E 2 6 equals high risk (environmental con-
ditions potentially favorable for brown patch), and E 2 4 equals low risk (en-
vironmental conditions not conducive for brown patch).

TABLE 2. Area under the disease progress curves (AUDPC) for brown patch
epidemics on perennial ryegrass and colonial bentgrass that resulted from
applications of the fungicide chlorothalonil, which was applied on a 14-day
schedule, or after a disease warning model (E;) indicated a need to spray

Fungicide Total no. of AUDPC*

scheduling chlorothalonil Perennial Colonial
method applications ryegrass bentgrass
14-day interval” 7 621b 12b
Forecast® 5 641 b 14 b
Untreated 5023 a 1,842a

* AUDPC expressed as percent disease multiplied by day. Means followed by
the same letter in a column are not significantly different according to Fisher's
protected least significant difference test at P < 0.05.

¥ Chlorothalonil was applied on a 14-day interval beginning on 1 June and end-
ing on 24 August 1993,

z Chlorothalonil was applied based when daily environmental favorability in-
dex values (E) 26, which resulted in applications on 8 June, 2 and 15 July,
and 2 and 17 August 1993.
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el 227). Four blocks were placed in each mowing height treat-
ment at a soil depth of 25 £ 5 mm to coincide with the depth of
the temperature sensors. Precipitation was measured daily with a fun-
nel-type gauge positioned 1.5 m above the soil surface. Solar radi-
ation was measured with a pyranometer (model LI1200S from LI-
COR, Lincoln, NE). All environmental monitoring equipment was
removed from the field and cleaned during October and calibrated
prior to reinstallation during the following spring.

All monitoring instruments were connected to a CR10 measure-
ment and control module with an AM-416 multiplexer encased in
a weather-proof aluminum box and powered by a 12-V lantern
battery. All instruments were programmed to measure environ-
mental conditions at 5-min intervals and averaged data every 60 min.

The environmental conditions measured were summarized into
15 variables that were evaluated for their prediction of brown
patch development. All variables summarized a 24-h interval be-
ginning and ending at 0600 h. This interval was chosen because
the mycelium of R. solani invariably develops in the turf canopy
at night. The variables were mean relative humidity; hours of rel-
ative humidity >90 or 295%; hours of leaf wetness duration; total
precipitation (millimeters) during the 24 or 48 h period prior to
0600 h; minimum, mean, and maximum air temperatures (degrees
Celsius); minimum, mean, and maximum soil temperatures (deg-
rees Celsius); mean soil water potential (megapascals); and mean
and maximum solar radiation (watts per square meter).

Brown patch warning model. Disease outbreaks were deter-
mined visually by noting the presence of R. solani mycelium on
turfgrass foliage. Whenever mycelium was present, it was con-
firmed microscopically to ensure it was R. solani. Isolates were
collected weekly from the test site, and most were AG 1-IA. From
June 1991 through August 1993, the study site was monitored
daily between 0700 and 0800 h for the presence of foliar myce-
lium. Disease outbreaks were recorded as either a ‘yes’ or ‘no’
based on the presence or absence of mycelium of R. solani in
plots of each mowing height treatment. Relative amounts of foliar
mycelium (i.e., low, moderate, and high) in each plot also were
recorded. A reference to minor outbreaks indicates that only low
or moderate amounts of foliar mycelium were observed, whereas
the presence of a high amount of mycelium indicated a major out-
break. Carry-over of some hyphae likely occurred when mycelium
was observed in large amounts for two or more consecutive days,
but this kind of outbreak was relatively uncommon.

Environmental and disease outbreak data from 1991 and 1992
were subjected to correlation analysis to identify key environmen-
tal variables associated with disease development. Distributions
of environmental variables were compared to better distinguish
between specific conditions that occurred during brown patch out-
breaks versus days when new mycelium of R. solani was not ob-
served. Data were subjected to univariate analysis, a procedure
that combines frequency distributions and descriptive statistics (5,
21). A Bonferroni correction factor was used to ensure that the
environmental data on days with versus days without a brown
patch outbreak were compared at the P = 0.05 significance level
(20). Because there were 15 variables, the corrected probability
level was calculated as 0.05/15 = 0.0033.

An environmental favorability index (E) was developed from a
combination of environmental variables associated with the oc-
currence of mycelium of R. solani during 1991 and 1992. At the
conclusion of the 1992 season, the index was developed to sum-
marize the relationship between several environmental variables
and disease outbreaks and to represent that relationship as a single
value, E. To calculate E, first arbitrary point values were assigned
to correspond with specific conditions of the 15 environmental
variables (10,16). Next, individual point values assigned to the
specific environmental conditions were added, and this resulted in
a daily cumulative index or E (Table 1). To evaluate the relation-
ship between brown patch outbreaks and E, observed outbreaks
were compared with calculated daily values of E. Six environ-



mental variables (Table 1) were selected to calculate E because
observed disease outbreaks during 1991 and 1992 repeatedly cor-
responded with the E determined from those variables. Chi-square
analysis was used to test the null hypothesis that there was no
relationship between the values of E as determined from the six
environmental variables and brown patch outbreaks (17,31). Once
an acceptable E was developed, the data were subjected to mul-
tiple regression analysis in an attempt to develop a simplified dis-
ease warning model (7,20).

Field validation. In 1993, the brown patch warning model, E,,
was evaluated on mature stands of ‘Bardot’ colonial bentgrass (A.
tenuis Sibth.) and ‘Caravelle’ perennial ryegrass mowed to treat-
ment heights of 13 and 22 mm, respectively. These test sites were
near the 1991 and 1992 study area and had the same soil type. The
plots were mowed twice weekly, and clippings were removed. The
predominate R. solani biotypes were AG1-IA and AG2-2 IIIB on
the perennial ryegrass and colonial bentgrass sites, respectively.

To test the reliability of E derived from the E, model, the fun-
gicide chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) was applied
when values of E, were 6. Fungicide was not reapplied within
14 days of a previous application regardless of the brown patch
forecast. A comparative treatment of calendar sprays of chloro-
thalonil was applied on a 14-day schedule beginning on 1 June.
Both treatments were compared to an untreated control. Treat-
ments were arranged as a randomized complete block design with
four replications; individual plots measured 1.5 x 1.5 m. Chloro-
thalonil was applied at a standard rate of 9.1 kg a.i. ha™' on the
dates noted in Table 2 with a CO,, pressurized (262 kPa) sprayer

equipped with an 8010 flan fan nozzle and calibrated to deliver
1,018 liters of water per ha.

Treatments were evaluated visually for brown patch by assess-
ing the percentage of plot area blighted or discolored by the Hors-
fall-Barratt scale (14,23). Each Horsfall-Barratt value was converted
to a percent according to the midpoint rule prior to statistical anal-
ysis (4). The plots were rated weekly for brown patch severity
during the test period. Ratings greater than 2% were judged as
unacceptable in commercially maintained “high quality” turf, and
ratings greater than 5% were above the acceptable threshold for
sites managed with integrated pest management practices.

Brown patch severity over time was summarized as the area
under the disease progress curve (AUDPC) (units were percent dis-
case x day) (28) with the formula X[(y, + Yirr)2][tisy — 1], where y,
is the amount of disease, ¢, is the time of the ith rating, and i =
1,2,3...n -1 (1,24). The AUDPC data were subjected to analysis
of variance by SAS (20). Mean separations were based on Fisher’s
protected least significant difference test at P = 0.05 (12,26).

RESULTS

Environmental favorability index. Among environmental var-
iables, soil temperature, soil moisture, and leaf wetness duration
data were statistically similar in mowing height treatments, and
therefore, data were averaged over mowing height (data not shown).
Environmental data were pooled from 1991 and 1992 (n = 174
evaluation days) and subjected to statistical analyses. Correlation
coefficients among the 15 environmental variables ranged from

B,

—L}
{11

o

P < 0.0065 P <0.0137 P < 0.0001 P < 0.0004
0 5 10 15 20 0 5 10 15 20 50 60 70 B0 90 100 O 5 10 15 20 25 30
Relative humidity (h > 95%) Relative humidity (h > 90%) Mean relative humidity (%) Leaf wetness duration (h)
P < 0.0564 P < 0.3061 P <0.1228 P <0.9112

0 20 40 60 80 100 0 20 40 60 80 100
Rain within 24 h (mm) Rain within 48 h (mm)

10 20 30 40 10 20 30 40
Minimum air temperature (C) Mean air temperature (C)

=] =

P <0.1486 P < 0.0559

—HEgs}-
~f — e 1

P <0.1767 P <0.2039

g 0

10 20 30 40 10 20 30 40
Maximum air temperature (C) Minimum soil temperature (C)

10 20 30 40 10 20 30 40
Mean soil temperature (C) Maximum soil temperature (C)

P <0.1226

P <0.1279

CE _ —

P < 0.6201

| I Days with a brown patch outbreak.
| I Days without a brown palch outbreak,

0 200 400 600 800 1000 O
Mean solar irradiance (W/m)

200 400 600 800 1000
Maximum solar irradiance (W/m)

0 2 4 6
Soil water potential (-MPa)

Fig. 1. The distributions of observed environmental variables during days when brown patch outbreaks occurred versus days when brown patch outbreaks did
not occur. Data represent 25% (left side of box), 50% (center line of box), and 75% (right side of box) of the observations recorded in 1991 and 1992 (n=174).
Horizontal lines extending away from the boxes for days with and without outbreaks indicate extreme measurements observed. The data distributions were

significantly different at the 5% level, where P < 0.0033 (0.05/15 = 0.0033).
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0.001 to 0.888; coefficient values = 0.665 were statistically sig-
nificant (P = 0.05). Correlations among environmental variables
and disease outbreaks were not significant, however, with the high-
est correlations associated with hours of relative humidity >95%
(r = 0.420) and mean relative humidity (r = 0.419).

Because the correlation analyses did not provide evidence of
strong associations between the environmental variables and brown
patch outbreaks, the data distributions of the 15 variables and brown
patch were compared (21) (Fig. 1). Among most of the 15 vari-
ables evaluated, there was no distinct separation between days with
or without brown patch outbreaks. Best separation was noted with
mean relative humidity and hours of leaf wetness duration. The
degree of overlap among the distributions of these variables was
significant at P < 0.0033.

The point values used to calculate E were those that resulted in
the highest chi-square value, thereby indicating the strongest as-
sociation with R. solani infection events. The combination of six
variables with the highest chi-square values (X* = 53.27; P < 0.001)
were hours of relative humidity >95%, mean relative humidity,
hours of leaf wetness duration and precipitation during the 48 h
prior to 0600 h, minimum air temperature, and minimum soil tem-
perature (Table 1).

The six variables were the basis of the initial model (E;). The
second favorability index (E;) was constructed by multiple regres-
sion analysis. Stepwise multiple regression analysis was used to
identify the most significant of the 15 environmental conditions
that predicted observed values of E (3,20). Several environmental
variables were identified as potential model parameters; however,
minimum air temperature and mean relative humidity data pro-
vided the simplest and best-fit model (Fig. 2A and B). The second-
order regression model calculated a value of E, based on mini-
mum air temperature and relative humidity: E, = -21.5 + 0.15RH
+ 1.4T - 0.03372, in which E, was the environmental favorability
index, T was the minimum daily air temperature (degrees Celsius),
and RH was the mean daily relative humidity (percent) for a 24-h
period beginning and ending at 0600 h daily. All estimated co-
efficients were significant at P = 0.0001, and the adjusted coef-
ficient of determination for the model was 0.70. Examination of
the residuals (i.e., the difference between the original data and the
data predicted by the regression equation) supported the assump-
tion that errors were independent and normally distributed, had a
mean of zero, and had a constant variance.

We arbitrarily set values of E 2 6 to indicate that the environ-
ment was highly favorable for a disease outbreak. E = 5 was

Observed (A)

considered equivalent to moderate disease risk, and E < 4 indi-
cated that conditions were nonconducive. Thus, predicted values
of E in Figure 2B indicated that a minimum air temperature of
>16°C and a mean relative humidity 295% were required to pro-
duce conditions highly favorable for a disease outbreak.

The index (E) derived from the regression model (E;) and the
additive six-variable model (E;) were compared to dates when fo-
liar mycelium was observed, and both models predicted 6 of 6
brown patch outbreaks during 1991 and 9 of 12 disease outbreaks
during 1992. Therefore, E developed from the regression model
provided comparable disease warnings but utilized fewer environ-
mental inputs.

Environmental favorability index assessment, 1991. An early
brown patch outbreak occurred on 3 June prior to the initiation of
data collection. Chlorothalonil was applied (6.3 kg a.i. ha™) to
slow the disease, and, therefore, may have prevented outbreaks on
17 and 18 June when E values of 26 were observed (Fig. 3).
These early warnings, however, were disregarded because of the
application of chlorothalonil. During July and August, all six
brown patch outbreaks coincided with E > 6 (Fig. 3). A major
disease outbreak (i.e., high amounts of foliar mycelium) occurred
on 2 July, when E = 6 (Fig. 3). The 24-h period prior to 2 July
was associated with prolonged periods of mean relative humidity
of 97% and a minimum night air temperature of 223°C. Environ-
mental conditions favorable for brown patch persisted through 10
July. Two subsequent outbreaks were observed on 7 and 10 July
and were associated with high disease outbreak favorability (E =
6). From 11 to 26 July, prolonged periods of high humidity were
not observed. Rainfall events from 22 through 25 July preceded
high humidity (95%) conditions, and E 2 6 was observed on 26
July (Fig. 3). A major disease outbreak was observed 48 h after-
ward on 28 July. Favorable environmental conditions for a disease
outbreak were not observed again until 9 August (E = 6), and
trace amounts of foliar mycelium were observed on 11 August
(Fig. 3). A high-risk warning on 14 and 15 August preceded a
minor outbreak on 18 August. A brown patch warning was given
on 27 August (E 2 6), but no foliar mycelium was observed within
72 h, and this forecast was considered false. In summary, all six
brown patch outbreaks coincided with or were preceded by an E
value of =6. Two predicted outbreaks were ignored because chloro-
thalonil had been applied within the previous 14 days. On one
date (27 August), however, there was a brown patch warning, but
no foliar R. solani mycelium or subsequent increase in blighting
were observed.

Predicted (B)

Fig. 2. Relationship of minimum daily air temperature (degrees Celsius) and mean daily relative humidity (percent) to the environmental favorability index (E)
for brown patch outbreaks. A, Six-variable index (Es) calculated from field observations. B, Two-variable index (E,) predicted from the regression equation.

388 PHYTOPATHOLOGY



Environmental favorability index assessment, 1992. Brown
patch was first predicted on 5 and 6 June when E was >6 (Fig. 3).
At those times, the relative humidity was >94%, and minimum air
temperature was 17°C. Because no foliar mycelium of R. solani
was observed within 72 h, these warnings were considered false.
The minimum air temperature, however, was <13°C on four con-
secutive days prior to 5 June, and the E value was <2 on 1 to 4 June.

From 10 to 14 June, minimum air temperature again decreased
to <16°C, and the E value ranged from 1 to 5 on those days (Fig.
3). High relative humidity (90%) was observed on 26 June; how-
ever, minimum air temperature was 15°C on that date. An outbreak
was not observed on 26 June, but the E value for that date predicted
a moderate disease risk. Additionally, minimum air temperatures
ranged from 9 to 18°C on six consecutive days prior to 26 June.

The major outbreak events observed on 1 and 2 July coincided
with an £ > 6 (Fig. 3). A minor brown patch outbreak on 8 July was
preceded by an E > 6 on 4 July. Trace amounts of R. solani myceli-
um were observed on 14 and 15 July. The relative humidity condi-
tions necessary for foliar mycelium development did not occur at
that time, and therefore, the E value did not predict those minor out-
breaks. Trace amounts of foliar mycelium again were observed on
22 July, and this minor outbreak also was not predicted. Brown
patch outbreaks on 24, 28, and 29 July coincided with or were pre-
ceded by high-risk warnings (E = 6) on 24 and 25 July. Extended
periods of high relative humidity 293% and minimum air tempera-
tures of 220°C during late July were most conducive to brown patch.

On 12 and 14 August, high relative humidity (>95%) and mini-
mum air temperature (=19°C) conditions corresponded to high-risk
forecasts (Fig. 3). The high disease risk warnings on 12 and 14
August, however, were considered false because foliar mycelium
of R. solani did not appear within 72 h. An E = 6 also was re-
corded from 16 to 19 August, and foliar mycelium was observed
on 18 and 19 August. A minor infection event on 26 August was
preceded by a high-risk forecast 1 day earlier.

In summary, 9 of 12 brown patch outbreaks were associated
with an E > 6, and 3 of 12 outbreaks were considered minor and
occurred without an E-based warning. All major brown patch
infection events were predicted during 1992. Four of the high-risk
warnings issued during 1992 were false; however, two of these
false warnings occurred during early June and were preceded by
low temperatures (£15°C) 24 h prior to the forecast.

Disease warning model validation, 1993. The potential for E >
6 to predict disease outbreaks was validated on perennial ryegrass
and colonial bentgrass in 1993. From June through August 1993,
a combined total of 22 outbreaks was observed on both test sites
(Fig. 4). Both models (E; and Eg) provided an E value of 26 for
19 of the 22 brown patch outbreaks during 1993, however, the E,
model was used to validate disease warnings during 1993,

The E, model provided warnings for the most severe brown
patch outbreaks in perennial ryegrass (3 and 4 July) and colonial
bentgrass (9 June and 3 and 4 July) (Fig. 4). Subsequent brown
patch outbreaks on 14 and 19 July and on 2 through 17 August also
were predicted. Environmental conditions did not warrant a warning
from 8 to 13 July, yet trace amounts of active R. solani mycelium
were observed on 8 and 11 July. At both 1993 test sites, an E, = 6
was associated with all major (n = 4) disease outbreaks.

Fungicide-treated perennial ryegrass plots were disease free un-
til 16 July; however, unacceptable blight (>5%) levels were ob-
served with both fungicide treatments from 21 July through 24
August (data not shown). When comparing all treatments over
time on perennial ryegrass, significantly greater AUDPC values
were observed in non-fungicide-treated plots (Table 2). The
AUDPC values showed that blight levels were similar between
spray treatments; however, use of the E, model resulted in two
less fungicide applications.

For colonial bentgrass, mycelium of R. solani was first ob-
served on the site on 9 June, but only in non-fungicide-treated
check plots. Unacceptable injury was first observed on 21 June in

non-fungicide-treated plots, whereas all fungicide-treated plots
had acceptable injury (<1% blight) for high-value turf throughout
the evaluation period (data not shown). When comparing all treat-
ments on colonial bentgrass over time, significantly greater AUDPC
values were observed in non-fungicide-treated plots, whereas no
differences in blight severity were observed among all fungicide-
treated plots (Table 2). Use of the disease warning model (E;
model) resulted in two less fungicide applications when compared
to the 14-day calendar spray schedule.

DISCUSSION

Analyses of environmental conditions monitored during 1991
and 1992 revealed that a combination of 6 of 15 environmental
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variables most influenced the occurrence of R. solani infection
events in perennial ryegrass. Multiple regression analyses of the
15 variables, however, showed that E as derived from the E,
model was most related to minimum daily air temperature and
mean relative humidity, with 70% of the variability explained by
the model. The six- (E) and two-variable (E;) models were com-
pared, and both predicted 85% (34 of 40) of all infection events
from 1991 to 1993. The six missed predictions were associated
with minor infection events. Five of the six missed predictions,
however, were preceded by major infection events, and all major
infection events were successfully predicted by both models. Hence,
the two-variable model (E,) provided the best combination of
accuracy and simplicity. A separate six-variable model developed
by Schumann et al. (22) employed disease-risk thresholds based
on brown patch severity, not on the appearance of foliar myce-
lium. Because most of their (22) severity variables were similar to
E, it is likely that both models would provide similar warnings.
Hence, both warning models could be used effectively in tem-
perate as well as transition-zone regions of turfgrass adaptation.

Leaf wetness duration and precipitation were important elements
in brown patch outbreaks. Leaf wetness duration (minimum 26 h
or 28 to 10 h for severe disease outbreaks) was an important fac-
tor leading to the development of foliar mycelium. Precipitation
events provided longer periods of high humidity and leaf wetness
conditions (at least =6 h), and severe disease outbreaks generally
coincided with 212 mm of rainfall. The influence of soil moisture
on brown patch occurrence was inconclusive, because periods of
high humidity, precipitation events, and normal irrigation prac-
tices often resulted in soil moisture levels near field capacity.

On seven occasions during 1991 and 1992, but on none during
1993, E > 6 was observed with no visible evidence of foliar R.
solani mycelium within 72 h. Two of these warnings in 1991 were
disregarded because chlorothalonil was applied within the previous
14 days, and two false forecasts in 1992 possibly may be discounted
because of low (<13°C) air temperatures in the days immediately
preceding the warning period. The model developed by Schumann
et al. (22), however, initially had greater false forecasts (average >6
missed predictions per year per site), which was attributed to a
decrease in air temperature below 15°C immediately after the warn-
ing. Model accuracy was improved by canceling a disease warning
if air temperature fell below 15°C within 24 h of a warning (22).

Although two false forecasts during early June 1992 were ac-
companied by an E = 6 (minimum air temperature = 16°C), no dis-
ease may have developed because it was early summer and there
may have been insufficient inoculum. Further research is needed
to fully characterize the influence of soil temperature-based deg-
ree days on the development of R. solani foliar mycelium.

The E field validation in 1993 by the E, model in both perennial
ryegrass and colonial bentgrass employed seven calendar-based
fungicide sprays compared to five model-based applications. Cal-
endar- and model-based fungicide applications provided equivalent
levels of brown patch control. Hence, there was a 29% reduction in
fungicide application frequency at both sites when the E; model
warning-based spray schedule was used. The unacceptable blight-
ing in fungicide-treated perennial ryegrass during late July and
August was not due to a failure of the index. Instead, it was attrib-
uted to the inability of chlorothalonil to provide effective control for
14 days during a prolonged period when the environment was ex-
tremely favorable for brown patch development. Commercially
acceptable brown patch control may be achieved if chlorothalonil is
applied at 10-day intervals during prolonged periods of highly
favorable conditions for brown patch development.

LITERATURE CITED
1. Berger, R. D. 1988. The analysis of effects of control measures on the de-

velopment of epidemics. Pages 137-150 in: Experimental Techniques in Plant
Disease Epidemiology. J. Kranz and J. Rotem, eds. Springer-Verlag, Berlin.

390 PHYTOPATHOLOGY

10.

11.

12.

13.

19.

20.
21.

22,

23.

24,

25.

26.

27.
28.

29,
30.
31.

. Burpee, L., and Martin, B. 1992. Biology of Rhizoctonia species asso-

ciated with turfgrasses. Plant Dis. 76:112-117.

. Butt, D. J., and Royle, D. J. 1990. Multiple regression analysis in the

epidemiology of plant diseases. Pages 143-180 in: Epidemics of Plant
Diseases: Mathematical Analysis and Modeling. J. Kranz, ed. Springer-
Verlag, Berlin.

. Campbell, C. L., and Madden, L. V. 1991. Introduction to Plant Disease

Epidemiology. John Wiley & Sons, New York.

. Cody, R. P, and Smith, J. K. 1991. Applied Statistics and the SAS

Programming Language. Elsevier Science Publishing, New York.

. Dahl, A. S. 1933. Effect of temperature on brown patch of turf. Phyto-

pathology 23:8.

. Danneberger, T. K., Vargas, J. M., Jr.,, and Jones, A. L. 1984. A model for

weather-based forecasting of anthracnose on annual bluegrass. Phytopa-
thology 74:448-451.

. Dickinson, L. §. 1930. The effect of air temperatures on the pathogeni-

city of Rhizoctonia solani parasitizing grasses on putting-green turf. Phyto-
pathology 20:597-608.

. Fraser, J. W. 1968. A method of constructing and installing thermocouples

for measuring soil temperatures. Can. J. Soil Sci. 48:366-368.

Fry, W. E., and Fohner, G. R. 1985. Construction of predictive models: 1.
Forecasting disease development. Pages 161-178 in: Advances in Plant
Pathology, vol. 3. Mathematical Modeling of Crop Disease. C. A. Gilligan,
ed. Academic Press, New York.

Gillespie, T. J., and Kidd, G. E. 1978. Sensing duration of leaf moisture
retention using electrical impedance grids. Can. J. Soil Sci. 58:179-187.
Gilligan, C. A. 1986. Use and misuse of the analysis of variance in plant
pathology. Pages 225-261 in: Advances in Plant Pathology, vol. 5. D. S.
Ingram and P. H. Williams, eds. Academic Press, New York.

Hall, R. 1984. Relationship between weather factors and dollar spot of
creeping bentgrass. Can. J. Soil Sci. 64:167-174.

. Horsfall, J. G., and Cowling, E. G. 1978. Pathometry: The measurement

of plant disease. Pages 119-136 in: Plant Disease: An Advanced Treatise,
vol. 2. J. G. Horsfall, and E. G. Cowling, eds. Academic Press, New York.

. Huber, L., and Gillespie, T. J. 1992. Modeling leaf wetness in relation to

plant disease epidemiology. Annu. Rev. Plant Pathol. 30:553-577.

. Krause, R. A, and Massie, L. B. 1975. Predictive systems: Modern ap-

proaches to disease control. Annu. Rev. Phytopathol. 13:31-47.

. Nutter, E W., Cole, H., and Schein, R. D. 1983. Disease forecasting system

for warm weather Pythium blight of turfgrass. Plant Dis. 67:1126-1128.

. Ritchie, J. T,, and NeSmith, D. S. 1991. Temperature and crop develop-

ment. Pages 5-29 in: Modeling Plant and Soil Systems. Agronomy Mono-
graph 31. R. J. Hanks and J. T. Ritchie, eds. American Society of Agron-
omy, Madison, WI.

Rowley, L. V. 1991. Applied epidemiology of Rhizoctonia spp. on turf-
grass. M.S. thesis. Department of Plant Pathology, University of Massa-
chusetts, Amherst.

SAS Institute. 1985. SAS User’s Guide: Statistics. Sth ed. SAS Institute,
Cary, NC.

Scherm, H., and van Bruggen, A. H. C. 1994, Weather variables asso-
ciated with infection of lettuce by downy mildew (Bremia lactucae) in
coastal California. Phytopathology 84:860-865.

Schumann, G. L., Clarke, B. B., Rowley, L. V., and Burpee, L. L. 1994.
Use of environmental parameters and immunoassays to predict Rhizoc-
tonia blight and schedule fungicide applications on creeping bentgrass.
Crop Prot. 13:211-218.

Schumann, G. L., and Wilkinson, H. T. 1992. Research methods and ap-
proaches to the study of diseases in turfgrasses. Pages 653-688 in: Turf-
grass. Agronomy Monograph 32. D. V. Waddington, R. N. Carrow, and
R. C. Shearman, eds. American Society of Agronomy, Madison, WL
Shaner, G., and Finney, R. E. 1977. The effect of nitrogen fertilization on
the expression of slow-mildewing resistance in Knox wheat. Phytopa-
thology 67:1051-1056.

Smiley, R. W., Demnoeden, P. H., and Clarke, B. B. 1992. Compendium
of Turfgrass Disease. 2nd ed. American Phytopathology Society, St.
Paul, MN.

Steel, R. G. D., and Torrie, J. H. 1980. Principles and Procedures of
Statistics. 2nd ed. McGraw-Hill, New York.

Turgeon, A. J. 1985. Turfgrass Management. Reston Publishing, Reston, VA.
Waggoner, P. E. 1981. Progress curves of foliar diseases: Their interpre-
tation and use. Pages 3-37 in: Plant Disease Epidemiology. Vol. 1: Popu-
lation dynamics and management. K. J. Leonard and W. E. Fry, eds.
Macmillan Publishing Company, New York.

Wallace, M. 1993. The national coalition on integrated pest management.
Plant Dis. 77:315-317.

Watschke, T. L., Dernoeden, P. H., and Shetlar, D. J. 1994. Managing Turf-
grass Pests. CRC Press, Boca Raton, FL.

Witte, R. S. 1980. Statistics. Holt, Rinehart, and Winston Publishers,
New York.



