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ABSTRACT

Reynolds, K. M., Madden, L. V., and Ellis, M. A. 1988. Effect of weather variables on strawberry leather rot epidemics. Phytopathology 78:822-827.

Epidemic development of strawberry leather rot, caused by
Phytophthora cactorum, which is spread by rain splash dispersal, was
monitored in six field plots in 1986 and eight in 1987. Each plot was 2 m
long and three rows wide. In 1986, straw mulch was removed from the
interior aisles in three plots (nonstraw plots) and left on the two exterior
aisles, and no straw was removed from the remaining three plots (straw
plots). In 1987, straw was removed from the interior aisles of six of the eight
plots. Plots were infested in mid-May with strawberry fruit on which P.
cactorum was sporulating. Assessments of incidence of cyme infection (i.e.,
proportion of tagged cymes with one or more infected fruit) on each side of
each aisle were made 5 days after each rain event on the nonstraw plots,
whereas assessments in the straw plots were only made on the last
assessment date in both years. By early June 1986, cyme infection was

>60% in all but two of the interior aisles and < 10% in both of the exterior
aisles in the nonstraw plots and the straw plots. Incidence of cyme infection
in 1987 in the straw and nonstraw was similar to that observed in the
respective plot types in 1986. Regression analyses were used to examine the
relationship between change in logit of cyme infection incidence, rainfall,
and either selected weather variables or indices derived from the selected
weather variables. Both the weather variables and the indices were
calculated for the sporulation period immediately preceding a rain event
and for the infection period immediately following a rain event. Stepwise
regressions using the weather variables always yielded predictive models
that differed significantly between years, whereas regressions using indices
for sporulation, infection, and dispersal yielded a common model for the 2

yr.

Additional keywords: disease prediction, Fragaria X ananassa, quantitative epidemiology.

Leather rot of strawberries (Fragaria X ananassa Duch.), caused
by Phytophthora cactorum (Leb. & Cohn) Schroet, can cause
major commercial crop losses under spring weather conditions
that commonly occur in north central Ohio (3). Rose (23) first
identified the causal organism and observed that epidemic
development of leather rot was closely associated with rainfall
episodes. Grove et al (12) demonstrated that propagules of P.
cactorum were effectively dispersed by the impact of water drops
on infected fruit. Epidemic development of numerous fungal and
bacterial diseases is known to depend on splash dispersal (4,6,18).
Field studies of splash dispersal have often established the
relationship between spread of a pathogen and the occurrence of
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rain episodes (7,8,13,14,20,23,25,27,28), but relatively few have
attempted to predict epidemic development as a function of
weather factors (4,24).

Grove et al (11) developed a model for sporulation of P
cactorum on infected strawberry fruit based on ambient air
temperature and duration of surface wetness of fruit. A similar
model was also developed to describe incidence of fruit infection in
terms of the same weather variables (10). The influence of weather
variables, or indices derived from these weather variables (10,11),
on subsequent development of leather rot epidemics was examined
in this work. The effect of applying straw mulch to crop aisles was
also evaluated, because previous field observations suggested that
mulch applications might be effective in limiting leather rot
development (Ellis and Madden, unpublished).



MATERIALS AND METHODS

Plot establishment. Plots were established in a commercial
strawberry (cv. Early Glow) field near Wooster, OH, during early
May 1986 and 1987 before flowering. Each plot was 2 m long and
three rows wide. Distance between rows was 50 cm, (These areas
are referred to as aisles.) Plots consisted of four aisles separated by
three crop rows. On each side of a row, up to 50 flower cymes
closest to the adjacent inter-row aisle were tagged, providing six
sides of rows with a total of about 300 tagged cymes. Straw mulch
was removed from the two interior aisles of randomly selected
plots (hereafter called nonstraw plots). Additional mulch was
applied to the exterior aisles of the nonstraw plots and to all aisles
of the remaining plots to provide a total straw depth of 8-10 cm.
Six plots were established in 1986, and the mulch treatment was
randomly assigned to one plot in each of three pairs of plots. Eight
plots were established in 1987, and the mulch treatment was
randomly assigned to one plot in each set of four. Note that in the
nonstraw plots, each internal aisle was bordered by one side of two
separate rows bearing tagged cymes, but that each external aisle
was bordered by only one side of a row with tagged cymes.

Plot infestation. Infected strawberry fruit on which P. cactorum
was actively sporulating were prepared as described previously
(21). Plots were infested on day 135in 1986 and day 140 in 1987 by
placing five infected fruit at the south end of each plot in each of the
two interior aisles. In 1986, all three nonstraw plots showed
evidence of fruit infection in the plant canopy by day 140, whereas
no infection was observed in the straw plots by the same date.
Because the rationale for including a straw plot treatment was to
test the effectiveness of straw in limiting infection of fruit from
both soil inoculum and established disease foci within the plant
canopy, inoculum was reintroduced to the straw plots on day 140.

Disease assessment. Assessments of leather rot development
were performed 5 days after the start of each rain period in the
nonstraw plots, because previous studies indicated that latent
periods could be expected to vary from 3 to 5 days under ambient
air temperature and moisture conditions (10,11,21). Initially, straw
plots in 1986 were assessed on the same schedule as the nonstraw
plots. However, the very low levels of disease incidence (D[), and
infrequent changes in DI, observed in the straw plots provided
insufficient data for model fitting, so disease assessment on these
plots was discontinued after the first three assessments. A final
assessment of DIin the 1986 straw plots was made at the time of the
final nonstraw plot assessment. Straw plots were only evaluated at
the nonstraw final assessment in 1987.

Ateach assessment, the number of tagged cymes bearing at least
one symptomatic fruit on each side of an aisle was recorded. (For
brevity, we refer to cymes bearing infected fruit as infected cymes,
but it should be noted that P. cactorum infects fruit). In 1987, none
of the outer, straw-covered aisles of any plots were assessed for
leather rot, because results of the 1986 study clearly indicated that
disease development in these aisles did not differ from that of the
straw plots. Infection data were summarized as the proportion of
tagged cymes in a plot bearing at least one infected fruit that
exhibited typical leather rot symptoms (23).

Environmental monitoring. Environmental data were collected
with a micrologger (model CR-21, Campbell Scientific, Logan,
UT). Air temperature and RH were monitored at 1-min intervals
with a sensor (model 201, Phys-Chemical Research Corp., New
York, NY) located in an an aspirated shelter (2) at canopy height
(30 cm) and recorded for an hourly average. Total rainfall in each
15-min period was recorded with a tipping-bucket rain gauge
(model RG2501, Sierra-Misco, Inc., Berkeley, CA) placed between
the strawberry rows.

The fraction of each hour that fruit were wet was estimated with
a wetness sensor (model 231, Campbell Scientific), which had been
coated with two layers of white latex paint (5). The wetness sensor
was calibrated by spraying 10 fruit to runoff with deionized water,
and the wet/dry cutoff point was selected as the sensor voltage
output at which 50% water loss from fruit surfaces due to
evaporation had occurred as determined by weight. The
calibration procedure was repeated six times.

Weather data were summarized for each rain period. Variables
derived from the weather data were categorized as primarily
affecting either sporulation (S), dispersal (D), or infection (/),
based on previous studies (10,11,21,22). Variables relevant to S
were the number of hours in the 24-hr period immediately
preceding the start of a rain event in which the leaf wetness sensor
was wet (S)) and mean air temperature (C) (S52) during hours in
which surface wetness was recorded. A sporulation index (.53) that
incorporated S; and S: was calculated using equation 3in Groveet
al (11). Predicted sporulation from Groveet al (11) was divided by
600 to produce an index that varied from 0 to | (S3). Variables
relevant to D were total rainfall amount (mm) in a rain period (D),
total length of the rain period (hr) (D), mean rainfall intensity
(mm hr'") (Ds), and maximum rainfall intensity (mm hr ') during
any 15-min interval during a rain event (Ds). Based on previous
work (22), an index of rainfall amount was also derived (Ds) that
was defined as Ds = 1 — exp(—0.07 Dy). Note that Ds equals 0.5
when D, equals 10 mm. Variables relevant to / were number of
consecutive hours from the start of a rain period in which the leaf
wetness sensor was wet for at least half of the hour (/,) and mean air
temperature (C) during the latter time interval (). An infection
index that incorporated the latter temperature and wetness data
also was derived (/3) based on equation 7 in Grove et al (10). Codes
identifying the weather and index variables are summarized in
Table 1.

In addition to the index variables 83, Ds, and /5 defined above,
an additional index variable related to weather conditions before
sporulation (P) was included. P was defined as a weighted sum of
mean hourly air temperature. Weights consisted of the fraction of
each hour that fruit surfaces were recorded as wet for the 72-hr
period before the start of a sporulation period. To be consistent
with the other index variables, the calculated values of P were
scaled by dividing the sum of products by 1,440 degree-hr (= 72 hr
of continuous surface wetness at 20 C). Note that, from the
definitions of P and S (Table 1), P was computed for the time
interval commencing at 96 hr before a rain event and ending at 25
hr before a rain event.

Data analyses. A rain event was defined as any 1-hr period in
which at least | mm of rainfall was recorded. Two or more rain
events were considered to belong to a single rain period if the time
between the end of one event and the start of the next was <12 hr
and fruit surfaces were recorded as being continuously wet in the
interim. Thus, a rain period was considered terminated if a rain
event in the period was followed by either a time interval greater
than 12 hr during which no rain fell (but continuous surface
wetness may have been recorded) or a 12-hr interval during which

TABLE . Definitions of derived weather variables and indices based on
weather variables

Variable

name Description

D, Total amount of rainfall (mm) received during a rain event.

D; Total length of a rain event (hr).

Ds Mean rainfall intensity for a rain event (mm hr'h).

Ds Maximum rainfall intensity for any |5-min period
during a rain event.

Dy Dispersal index derived from D, (22).

I Number of consecutive hr from the start of a rain event
during which fruit surfaces were recorded as being wet
for at least 30 min in each hour.

I: Mean hourly air temperature (C) during wetness period /).

I Infection index derived from /, and /; (10).

P Weighted summation of hourly air temperature (C)
in the 72-hr period preceding a sporulation period.
Temperature readings were weighted by the fraction
of the hr that fruit surfaces were recorded as being wet.

Y Sum of wetness periods for the 24-hr period
preceding a rain event ( hr).

S Mean hourly air temperature (C) during wetness periods
in the 24-hr period preceding a rain event.

Y Sporulation index derived from S, and S: (11), and

scaled by 600, in the 24-hr period preceding a rain event.
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continuous surface wetness was not recorded. Occasionally, a rain
period as defined above was followed by an additional rain period
within a 12-hr period, but fruit surfaces were recorded as being dry
in the interim. Because the time interval between a pair of such rain
periods was not sufficient for a new cycle of infection, colonization,
and sporulation to be completed (10,11), only that period for which
the product of S3, Ds, and /; was greatest was retained for analysis.
Inoculum for plot infestation was placed in the field immediately
before the start of the first rain period in both years. Therefore,
observations related to the first rain event in both years also were
excluded from analysis, because S, 5>, and S5 were computed for
the 24-hr period before the start of a rain event (Table 1).

DI was transformed to logits to provide an additive disease
response scale and correct for multiple infections (16). In
regression analyses, change in logit Df (CLDI) was used as the
dependent variable in order to describe disease increase as a
function of weather variables. In addition to the variables listed in
Table 1, their two- and three-way interaction products were
assessed as predictors. Regressions analysis was performed using
either weather variables or index variables as predictors of CLDJ.
Models selected from all-possible-subsets stepwise regression
analysis were subsequently analyzed to test for differences in
regression results between years (1,19). Selected models were
evaluated by calculating residuals and deleted residuals, and
plotting these versus predicted CLDI. A deleted residual is the
difference between the observed and predicted dependent variable
obtained if the observation (dependent and independent variables)
was not used in estimating the model parameters (17,19). In
addition to determining if an acceptable model was chosen, deleted
residuals are used to identify highly influential observations and to
partially validate model results. Residuals were used to calculate
the coefficient of determination (R*) and R® adjusted for degrees of
freedom (R,z) for each model. An additional R’, based on the
so-called PRESS statistic (17) from the deleted residuals, was
calculated for each model and labeled as R,’.
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Fig. 1. Leather rot epidemic development in plots from which straw had
been removed, total rainfall recorded per rain period, and mean hourly air
temperature in 1986. Numbered arrows indicate the date and order of
disease assessment, 5 days after the start of a rain period. Disease incidence
means are positioned at the start of the rain events, not at the time of
assessment.
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RESULTS

The general pattern of disease progress was similar both among
plots within years and between years (Figs. 1 and 2). In 1986, mean
disease incidence in the interior aisles of the three nonstraw plots
was 90.9, 72.0, and 61.5% by the final assessment on day 159. In
contrast, leather rot development in the exterior (straw-covered)
aisles in these same plots only averaged 8.1, 6.0, and 6.3%,
respectively, on the same date. Final mean disease incidence values
for the interior aisles in the 1987 nonstraw plots were 83.0, 73.3,
80.2,85.2,79.5,and 65.7% on day 159 (Fig. 2). Disease incidence at
the final assessment was very low in all straw plots in both years
and never exceeded 10%. In the straw plots of 1987, final disease
incidence was 1.3 and 6.2%. The straw plot data were not analyzed
further because of the low levels of DJ and infrequent changes in
DI that resulted in a predominance of zero-valued observations in
terms of CLDI. For subsequent regression analyses of disease
progress in the nonstraw plots, mean plot D was calculated for
each assessment using only DJ values for the four sides of rows
adjacent to the interior aisles of a plot (Figs. 1 and 2).

A total of 16 rain events was recorded in 1986, and these
occurred in 10 distinct periods (Table 2). Only eight rain events
were recorded in 1987, representing six distinct periods (Table 3).
A total of 126 mm of rain was received in 1986 (mean = 12.6 mm
per rain period) compared with a total of 45 mm in 1987 (mean =
7.5 mm per rain period). Despite these substantial differences in
rainfall history, disease progress was similar between years (Figs. 1
and 2).

Diurnal patterns of mean hourly air temperature fluctuation
were also similar between years, but daily maxima were slightly
higher in 1987 (Figs. 1 and 2). The latter differences in air
temperature between years were reflected in generally higher
values for both §; and £ in 1987 (Table 3) compared with 1986
(Table 2). S: never approached its maximum value of 1 (which
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Fig. 2. Leather rot epidemic development in plots from which straw had
been removed, total rainfall recorded per rain period, and mean hourly air
temperature in 1987. Numbered arrows indicate the date and order of
disease assessment, 5 days after the start of a rain period. Disease incidence
means are positioned at the start of the rain events, not at the time of
assessment,



represents ideal conditions for sporulation), attaining maxima of
0.27 and 0.32 in 1986 and 1987, respectively (Tables 2 and 3). In
contrast, weather conditions for infection by P. cactorum, as
indicated by /3, were almost always optimal in both years (Tables 2
and 3). In fact, s was<<I for only one of the 14 rain events that were
included in subsequent analyses.

An analysis using all weather and index variables simultaneously
could not be performed, because inclusion of both sets of variables
in a single analysis resulted in an overspecified (singular)
correlation matrix. In the stepwise regression of CLDI on the
weather variables, the best combination of predictors included S,
Dy, I, I, and the square of &, (Tables 2 and 3). The model for
combined years accounted for 489 of the experimental variation
(P[F=11.86]<0.0001). All estimated parameters were significant

(P=0.01). However, in the regression procedure used to assess the
significance of a difference in models between years, the above set
of variables proved unsatisfactory. Tolerance conditions in the
regression procedure forced the automatic elimination of one
variable in both the reduced model (one equation for both years)
and the full model (separate equations by year). Moreover, the
model for each year contained a different subset of the independent
variables, with frequent differences among signs for the regression
coefficients that were common to any given pair of the three
models. Various alternative sets of independent variables were
tried subsequently with the same result.

The regression of CLDI on index variables (Tables 2 and 3)
proved to be far superior to that based on weather variables.
Because /i was virtually constant in this study, it was excluded

TABLE 2. Summary of selected weather and index variables* for each rain period in 1986"

Rain Day
period of
sequence’ year D; (mm) Ds P (C-hr) S (hr) 5:(C) S 11 (hr) 1 (C) I
| 135 41 0.94 0.60 12.0 18.4 1.00
*Ja 136 10 0.50 0.44 13.5 20.8 0.20 10.9 15.9 1.00
2b 136 5 0.29 0.56 2.6 18.2 0.03 12.4 20.0 1.00
2c 137 5 0.29 0.56 13.5 20.0 0.20 1.3 22.7 0.77
3a 138 1 0.07 0.57 3.1 22.8 0.04 12.2 22.1 1.00
*3b 138 12 0.57 0.57 14.7 214 0.23 8.7 17.4 1.00
*4 139 2 0.13 0.53 12.0 12.7 0.02 13.7 18.4 1.00
*5 142 2 0.13 0.50 15.3 10.3 0.01 8.3 10.9 1.00
6a 144 1 0.07 0.39 18.3 13.2 0.07 2.0 13.4 0.67
*6b 144 19 0.74 0.38 15.3 15.1 0.10 11.2 12.8 1.00
bc 145 1 0.07 0.40 14.5 16.1 0.12 1.9 14.4 0.72
Ta 146 8 0.43 0.36 8.1 19.5 0.08 12.9 16.3 1.00
*7b 146 3 0.19 0.30 16.5 18.3 0.27 12.0 17.3 1.00
*8 150 30 0.88 0.57 12.4 20.8 0.17 10.2 16.9 1.00
*9 151 4 0.24 0.56 13.9 21.0 0.21 11.6 16.7 1.00
*10 154 5 0.29 0.44 3.6 11.7 0.00 6.8 7.0 0.76
"Weather variables and indices are defined in Table 1.
" Assessments of disease incidence were performed 5 days after a rain period.
“The event in a sequence preceded by * was included in analysis based on the product §:1Ds/.
TABLE 3. Summary of selected weather and index variables® for each rain period in 1987"
Rain Day
event of
sequence’ year Dy (mm) Ds P S (hr) 5:(C) 53 Iy (hr) I (C) 1y
la 139 1 0.07 0.07 1.0 20.9 0.68
b 139 8 0.43 0.13 10.6 18.2 1.00
*2 141 8 0.43 0.48 8.4 21.3 0.09 11.2 17.9 1.00
*3a 146 10 0.50 0.08 3.6 21.6 0.04 1.5 19.8 1.00
3b 146 1 0.07 0.05 16.6 20.7 0.32 1.0 18.1 0.62
*4 148 16 0.67 0.32 9.0 23.1 0.08 10.9 18.8 1.00
*5 150 1 0.07 0.48 15.2 22.8 0.21 12.0 17.0 1.00
*6 153 2 0.13 0.34 12.4 224 0.15 9.8 18.5 1.00
“Weather variables and indices are defined in Table 1.
" Assessments of disease incidence were performed 5 days after a rain period.
“The event in a sequence preceded by * was included in analysis based on the product §;Ds/5.
TABLE 4. Regression results for predicting increase in logit of leather rot incidence in 1986 and 1987
Coefficient for:*
Year Observations Ds SiDs S:P MSE" R'® RE* R, F* df’ Significance
1986 27 1.4 —13.2 8.4 0.06 0.69 0.66 0.63 17.7 3,24 <0.001
1987 30 i3 —=29.5 8.2 0.31 0.70 0.67 0.65 21.2 327 <0.001
Both 57 2.2 —15.8 7.2 0.22 0.65 0.63 0.60 33.2 3,54 <0.001
Difference 0.21 1.8 3,51 0.16

*Mean square error.

*Coefficient of determination,

“Coefficient of determination adjusted for degrees of freedom.
“Coefficient of determination based on deleted residuals.

¢ F-statistic for significance of regression equation.

"Degrees of freedom.

#See Table | for description of variables.
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from consideration in the stepwise regression analysis. The
reduced model for combined years had an R* of 0.65 and an R.” of
0.63 (Table 4). Moreover, results from the regression procedure
used to assess the significance of a difference in models between
years indicated that the separate equations by year did not differ
significantly from one another (Table 4).

Plots of deleted residuals (1,19) for the reduced model (both
years combined) (Fig. 3C), and for the full model (Fig. 3A and 3B)
revealed no highly influential or unusual observations. In this
partial validation (19), predictions did not deteriorate when
observations were individually removed from the analysis.
Although the equation that was fit to the 1987 epidemic had an R
about equal to that for the 1986 data (Table 4), the residual plot for
1987 exhibited a quadratic trend in the errors (Fig. 3B). However,
this lack of fit in the 1987 data was not apparent in the reduced
model (Fig. 3C), indicating that the selected model was acceptable.
The coefficient of determination based on the deleted residuals
(R,") equaled 0.60, which was close to the R of 0.65 (Table 4).

DISCUSSION

The influence of straw mulch on leather rot development was
striking. Previous field observations indicated that mulch
effectively limits disease development (Ellis and Madden,
unpublished), but the effectiveness of mulching had not been
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combined 1986 and 1987 data (reduced model).
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quantified. Reynolds et al (21) were not able to demonstrate a
statistically significant effect of mulch on strawberry fruit infection
by P. cactorum in rain simulation experiments. However, mulch
layer depth was only 2 cm in the latter study (21), whereas in the
present one, depth was 8-10 cm. The presence of a sufficiently thick
mulch layer probably limits disease development by inhibiting
infection from inoculum in soil under natural field conditions.
Results from 1986 and 1987 straw plots clearly indicate that the
application of straw mulch was highly effective in preventing the
establishment of an inoculum reservoir in the plant canopy. The
comparative results for infection incidence in interior versus
exterior aisles in the 1986 nonstraw plots further indicate that
mulch also limits spread of disease once it has become established
in the plant canopy, probably by preventing the repeated splashing
of inoculum that has been dispersed from infected fruit.

When the dispersal index, Ds, was used as the sole predictor of
CLDI, it accounted for 419 of the variation in CLDI. The
regression of CLDJ on the selected index variables (Table 4)
improved the proportion of variation accounted for, indicating
that weather conditions during fruit colonization and sporulation
were also important factors determining increase in leather rot
following rain. The two indices Pand S; (Table 1) were constructed
in order to at least partially distinguish between weather conditions
that affect colonization of infected fruit and subsequent
sporulation of P. cactorum on that fruit, respectively. Grove et al
(11) described the effect of temperature and wetness on sporulation
of P. cactorum on strawberry fruit, and this work provided the
basis for derivation of the sporulation index Ss. Preliminary work
related to the latter study described optimal temperature and
wetness conditions for colonization that provided the basis for the
derivation of P. However, both P and S; may well play a multiple
role in our model (Table 4). For instance, it is quite possible that
weather conditions summarized by P and S also influence
susceptibility of fruit to infection by P. cactorum. Development of
a strawberry fruit following pollination is very rapid, with full
development being accomplished in 3-4 wk, so that the 4-day
weather history represented by P and S; includes a major portion
of the developmental history of the fruit. Thus, parameter
estimates (Table 4) may be affected not only by pathogen genotype,
but by host variety as well.

The relationship between CLD/and the aggregate of significant
disease index variables is expressed in Table 4, but the
relationships of the index variables to each other is best expressed
in a rearranged version of the reduced model:

CLDI=17.2 8P+ Ds(2.2— 15.8 S).

The effects of S and P on CLDI only enter the relationship in
interaction terms. Of particular interest is the fact that the total
effect of Ds is negative for 83> 0.14. Inclusion of the term 53 Ds in
the model compensates for the co-occurrence of high values of Ds,
S3,and P, which were relatively highly correlated with one another.
Correlations between Ds and S;, Ds and P, and S; and Pwere 0.67,
0.74, and 0.85, respectively (unpublished). Related to the latter
observation, Reynolds et al (21) observed that infection of
strawberry fruit by P. cactorum was higher for low-intensity rains
(15 mm hr') than moderate-intensity rains (30 mm hr''). It was
suggested that higher absolute rates of inoculum retention may
occur in low- as opposed to moderate-intensity rains due to higher
rates of inoculum removal by wash off in the latter rain type (21).

As our results clearly showed, index variables were much more
consistent in predicting CLDI. At least part of the better
performance of index variables may be attributed to the fact that
they include important nonlinear effects that have been well
demonstrated (10,11). At least some of the indices incorporate
information obtained from controlled-environment studies (10,11)
on infection and sporulation by P. cactorum. The indices, unlike
the less-restricted weather variables (Si, Sz, Dy, D2, Ds, Dy, I, and
), have bounds of 0 and 1. Unusual weather conditions that
produce uncharacteristically large or small weather variables
would be avoided by using weather indices S, Ds, and f.
Observations substantially removed from the majority of the data



points have an unreasonably large influence on regression results
(19). A additional advantage of the use of index variables was
illustrated by our analysis. Whereas the stepwise regression
analysis based on weather variables included /, and I3,
examination of the index variable data before regression analysis
revealed that 5 was essentially constant for those rain events
selected for inclusion in analysis (Tables 2 and 3) and that this
variable should not be included in the set of possible independent
variables. The near-constancy of I; for leather rot epidemics in
north central Ohio contrasts with other host-pathogen systems in
which forecasting is based primarily on weather conditions that are
conducive to infection (15,26). The optimum temperature for
infection of strawberry fruit by P. cactorum was previously found
to be approximately 20 C (10). However, even at 13.4 C, which is
far fromideal, 67% fruit infection is predicted with a 2-hr period of
wetness (Table 2, rain period 6a). For many other pathogens,
weather conditions for infection may not be a limiting factor in
epidemic progress, so that the approach to disease forecasting may
need to be developed along lines similar to those described here.

Results from the present study suggest that indices derived from
temperature and surface wetness conditions associated with the
96-hr period before a rain event as well as rainfall amount can be
used to predict subsequent increase in leather rot. Further studies
are warranted both for improving the accuracy of predictions and
to provide a more rigorous validation of the model (17). At present,
no systemic fungicides have been registered for control of
strawberry leather rot, so that a forecasting system based on our
models cannot be used to prevent a predicted increase in disease.
However, knowledge of recent infection history can be used to
adjust the standard spray program in order to minimize
subsequent inoculum production (9).

LITERATURE CITED

1. BMDP Statistical Software. 1983. Printing with additions. University
of California Press, Berkeley. 734 pp.

2. Davis, J. M., Bruck, R. L., Runion, G. B., and Mowry, F. L. 1983. An
aspiration system for meteorological sensors used in epidemiological
studies. Phytopathology 73:1246-1249,

3. Ellis, M. A., and Grove, G. G. 1983. Leather rot in Ohio strawberries.
Plant Dis. 67:549.

4. Fitt, B. D. L., Creighton, N. F., Lacey, M. E., and McCartney, H. A.
1986. Effects of rainfall intensity and duration on dispersal of
Rhynchosporium secalis conidia from infected barley leaves. Trans.
Br. Mycol. Soc. 87:101-118.

5. Gillespie, T. J.,and Kidd, G. E. 1978. Sensing duration of leaf moisture
retention using electrical impedance grids. Can. J. Plant Sci.
58:179-187.

6. Gregory, P. H. 1973. The Microbiology of the Atmosphere. 2nd ed.
Leonard Hill, London. 377 pp.

7. Gregory, P. H., Griffin, M. J., Maddison, A. C., and Ward, M. R.
1984, Cocoa black pod: A reinterpretation. Cocoa Growers Bull.
35:5-22.

8. Griffiths, E., and Hann, C. A. 1976, Dispersal of Septoria nodroum

17.

18.

20.

21.

22,

23.

24,

25,
26.

27.

28.

spores and spread of glume blotch of wheat in the field. Trans. Br.
Mycol. Soc. 67:413-418.

. Grove, G. G., Ellis, M. A., and Madden, L. V. 1985. Leather rot of

strawberry: A summary of research in Ohio. Adv. Strawberry Prod.
4:4-9,

. Grove, G. G., Madden, L. V., Ellis, M. A., and Schmitthenner, A. F.

1985. Influence of temperature and wetness duration on infection of
immature strawberry fruit by Phytophthora cactorum. Phytopathology
75:165-169.

. Grove, G. G., Madden, L. V., and Ellis, M. A. 1985, Influence of

temperature and wetness duration on sporulation of Phytophthora
cactorum on infected strawberry fruit. Phytopathology 75:700-703.

. Grove, G. G., Madden, L. V., and Ellis, M. A. 1985, Splash dispersal of

Phytophthora cactorum from infected strawberry fruit. Phytopathology
75:611-615.

. Hunter, J. E., and Kunimoto, R. K. 1974, Dispersal of Phytophthora

palmivora by wind-blown rain. Phytopathology 64:202-206.

. Kuske, C. R., and Benson, D. M. 1983. Survival and splash dispersal of

Phytophthora parasitica, causing dieback of Rhododendron.
Phytopathology 73:1188-1191.

. MacKenzie, D. R. 1981. Scheduling fungicide applications for potato

late blight with BLITECAST. Plant Dis. 65:394-399.

. Madden, L. V. 1986. Statistical analysis and comparison of disease

progress curves. Pages 55-84 in: Plant Disease Epidemiology, Vol. I:
Population Dynamics and Management. K. J. Leonard and W, E. Fry,
eds. Macmillan, New York.

Madden, L. V., and Ellis, M. A. 1987. How to develop plant discase
forecasters, Pages 191-208 in: Techniques in Plant Disease
Epidemiology. J. Kranz and J. Rotem, eds. Springer-Verlag, Berlin.
McCartney, H. A., and Fitt, B. D. L. 1987. Spore dispersal gradients
and disease development. Pages 109-118 in: Populations of Plant
Pathogens: Their Dynamics and Genetics. M. S. Wolfe and C. E.
Caten, eds. Blackwell, Oxford.

. Neter, J., Wasserman, W., and Kutner, M. H. 1983, Applied Linear

Regression Models. Richard S. Irwin, Homewood, IL.

Ooka, J. J., and Kommendahl, T. 1977. Wind and rain dispersal of
Fusarium moniliforme in corn fields. Phytopathology 67:1023-1026.
Reynolds, K. M., Bulger, M. A., Madden, L. V., and Ellis, M. A, 1987.
New methods using simulated rain to study the splash dispersal of plant
pathogens. Phytopathology 77:921-926.

Reynolds, K. M., Madden, L. V., and Ellis, M. A. 1987, Progress in
development of a leather rot forecasting system. Adv. Strawberry
Prod. 6:18-22.

Rose, D. H. 1924. Leather rot of strawberries. J. Agric. Res.
28:357-374.

Royle, D. J. 1973. Quantitative relationships between infection by the
hop downy mildew pathogen, Pseudoperonospora humuli, and
weather and inoculum factors. Ann. Appl. Biol. 73:19-30.

Schlub, R. L. 1983. Epidemiology of Phytophthora capsici on bell
pepper. J. Agric. Sci. 100:7-11.

Spotts, R. A. 1977, Effect of leaf wetness duration and temperature on
the infectivity of Guignardia bidwellii on grape leaves. Phytopathology
67:1378-1381.

Stedman, O. J. 1980. Splash droplet and spore dispersal studies in field
beans (Vicia faba L.). Agric. Meteorol. 22:111-127.

Stedman, O. J. 1980. Observations on the production and dispersal of
spores, and infection by Rhynchosporium secalis. Ann. Appl. Biol.
95:163-175.

Vol. 78, No. 6, 1988 827



