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Abstract
Pethybridge, S. J., Gent, D. H., Groom, T., and Hay, F. S. 2013. Minimizing crop damage through understanding relationships between pyrethrum

phenology and ray blight disease severity. Plant Dis. 97:1431-1437.

The most damaging foliar disease of pyrethrum in Australia is ray
blight caused by Stagonosporopsis tanaceti. The probability of growers
incurring economic losses caused by this disease has been substantially
reduced by the implementation of a prophylactically applied spring
fungicide program. This has been traditionally initiated when 50% of
the stems have reached between 5 and 10 cm in height. Data collected
on the emergence of stems from semidormant plants over late winter
from 27 fields across northern Tasmania from 2009 to 2011 were used
to develop a degree-day model to assist with initiation of the fungicide
program. Temporal changes in cumulative proportion of plants with
elongated stems were well described by a logistic growth model (R? >
0.97 across all fields). These models were used to calculate the number
of days until 50% of the sampling units had at least one elongated stem
for the calculation of simple degree-days, assuming a nominal biofix
date of the austral winter solstice. The median date for 50% stem elon-
gation was estimated as 30 August in these data sets. Mean error and

root mean square error of degree-day models were minimized when a
base of 0°C was selected. Mixed-model analysis found prediction errors
to be significantly affected by geographic region, requiring the use of
scalar correction factors for specific production regions. In the Western
region, 50% stem emergence was predicted at 590.3 degree-days (mean
prediction error = 0.7 days), compared with 644.6 (mean prediction error
= 7.7 days) in the Coastal region and 684.7 (mean prediction error = 0.7
days) degree-days in the Inland region. The importance of fungicide
timing for initiation of the spring disease management program in
minimizing losses (expressed as percent disease control in October) was
also quantified. This relationship was best explained by a split-line
regression with a significant break-point of 513.8 degree-days, which
corresponded to 10.7% of sampling units with elongated stems. Overall,
this research indicated that disease management may be improved by
applying the first fungicide of the program substantially earlier in
phenological development of the stems than currently recommended.

The timing of initiation of control measures is a significant as-
pect of efficient management of plant disease epidemics. The first
coincident occurrence of pathogen inoculum, environmental condi-
tions favorable for pathogen dispersal and infection, and presence
of susceptible host tissue has been termed the “critical period”
(34). Implementation of tactics such as a fungicide application at
or just before the critical period may reduce or prevent a primary
infection event. Control measures initiated before a critical period
may be unnecessary and wasteful, whereas measures applied too
late can potentially result in diminished disease management
efficacy. Management efforts, whether they be tactical or strategic
in nature, targeted to coincide with the critical period may have the
most benefit in reducing overall epidemic severity (11).

Pyrethrum (Tanacetum cinerariifolium (Trevir.) Sch. Bip.) is
grown for the extraction of pyrethrins, which are contained within
the achenes of the flowers, for the manufacture of a range of
mostly household insecticidal products (4). At least 60% of the
global market for pyrethrins is supplied by the Australian industry,
for which a production area of approximately 3,000 ha is centered in
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northern Tasmania and the Ballarat region of Victoria. In Australia,
pyrethrum production is ideally perennial and fields are planted in
spring (late July to October). Plants then remain in a semidormant
rosette form for a further 12 months prior to the development of
flowering stems in the subsequent spring, which form the flowers
that are mechanically harvested in late December and January
thereafter. Following harvest, plants regrow during the autumn
period, become semidormant over winter, and again develop stems
and flowers each spring for up to four to five annual harvests (4).

In the case of ray blight, caused by Stagonosporopsis tanaceti
(syn. Phoma ligulicola var. inoxydabilis) (1,26,32), disease man-
agement is highly dependent on fungicide applications beginning
in spring that are intended to protect developing flowering stems.
Previous studies have suggested that young stems are the pheno-
logical stage most susceptible to infection by S. fanaceti
(13,14,16,20). Diseased stems developing in early spring can be
the most deleterious to the yield potential of the crop, with early
chlorotic symptoms closely followed by generalized necrosis and
distortion (13,18). A spring fungicide program was introduced in
2002 in response to severe losses incurred from annual epidemics
(20). In replicated trials conducted in 2002 and 2003, fungicide
applications resulted in a doubling of the number of flowers pro-
duced, leading to significant increases in pyrethrin yield (24).
Moreover, across 96 fields in two subsequent years, average in-
creases in pyrethrin yield of 79.5% were achieved as a result of the
spring fungicide program (24). A range of fungicide chemistries
have been used within the program to date, of which some have
developed resistance and, hence, have been discarded from the
program (9). Currently, the program is dependent upon the succin-
ate dehydrogenase inhibitor boscalid, which provides effective
control of ray blight (18) as well as Sclerotinia crown rot caused by
Sclerotinia minor and S. sclerotiorum (18,22).

Plant Disease / November 2013 1431



Interestingly, the severity of ray blight epidemics has been
clearly linked to several risk factors, including seedborne inoculum
(16,22); environmental conditions during autumn and winter,
which contribute directly to the overwintering success of the patho-
gen and indirectly to defoliation severity in spring (16); and site-
specific risk factors such as temperature and rainfall (15,17). The
importance of seedborne inoculum is further emphasized because
of the absence of evidence for the teleomorph, Didymella ligu-
licola (1-3,5,14).

Degree-days relate biological events to time duration at various
temperatures (6,28,33). Various methods for estimating threshold
temperatures directly from field observations have been utilized
(27,29-31,33). A common approach involves calculating a mean
thermal time to a temperature-dependent event using various
combinations of base or upper temperature thresholds and
recursively assessing prediction errors. The combination of base
and upper temperature thresholds that minimizes a measure of
variability or prediction error is then selected as the final model
from among the competing models.

The development of pyrethrum stems in spring following the
winter semidormancy period is also likely to be driven by thermal
time. Currently, the spring fungicide program is initiated when
50% of stems within the field reach 5 to 10 cm in height, which is
assessed informally (18). However, there is little biological basis
for this threshold and reduced disease losses may be possible by
quantifying this threshold to accurately time the initiation of the
first fungicide application with development of susceptible stems
in spring. The primary objective of this research was to develop a
degree-day model to predict stem elongation as an aid to improve
timing of the first fungicide application used within the spring
fungicide program. A complementary objective was to quantify the
importance of the first fungicide application on minimizing losses
from this disease.

Materials and Methods

Degree-day model development for stem elongation. Model
development fields. Data on the emergence of pyrethrum stems
from semidormancy was obtained from 8 commercial fields in
2009 and 2010 and 11 fields in 2011. All fields were approaching
first-harvest and were randomly selected to represent the spectrum
of production regions in northern Tasmania (termed Western,
Coastal, and Inland in this article). Each field was grown under
standard production practices, which included irrigation, fertilizer,
fungicide, and herbicide applications. Within each field, a geospa-
tially referenced area was established in which monitoring for
pyrethrum growth was conducted. At each location, a 1-m? quadrat
was placed on the ground and separated evenly into smaller 20-cm?
grids. In 2009, four quadrats were placed immediately adjacent to
each other, providing 80 smaller observation grids. In the latter 2
years of the study, five quadrats were used within each field, total-
ing 100 grids per field at each observation time period. Within each
20-cm? grid, the presence or absence of at least one stem >5 cm in
height was noted at each assessment time. Grids without any plants
were recorded as missing data. Grids were assessed every 2 to 3
days until all grids that had plants possessed stems >5 cm in
height. The intensity of plant growth assessments among fields
varied between 22 and 28, 21 and 24, and 15 and 25 events in
2009, 2010, and 2011, respectively.

Progress curves describing the cumulative proportion of plants
with elongated stems over time were constructed for each field
(“data set”) and a three-parameter logistic growth model was fitted
to each in the form of:

a
=— < )
g 1+(x/x,)?

where y is the proportional of plants with elongated stem, x; is the
date of the first observation, x is the number of days since the first
observation, a is an asymptote parameter, and b is a rate parameter.
Models were fit using the NLIN procedure in SAS (version 9.2;
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SAS Institute), and goodness of fit assessed based on R? value,
standard error of the parameter estimates, and residual diagnostics
(10). From each of the progress curves, the number of days elapsed
to when 50% of plants had at least one elongated stem was esti-
mated by rearranging equation 1 to solve for x. This date was used
in subsequent calculations to derive the base temperature for de-
gree-day models because this point was considered to be less sensi-
tive to extreme values than other days such as date of the first stem
elongation or all stems elongated.

Weather data. The centroid of each pyrethrum field was rec-
orded with a handheld GPS unit (GPS eTrex Vista HCx; Garmin
International Inc.) and used as a geospatial reference for obtaining
interpolated site-specific daily temperature data from the Queens-
land Department of Natural Resources and Mines Data Drill algo-
rithm at a 5-km? spatial resolution (7,8). Errors associated with the
use of interpolated compared with on-site temperature data in
northern Tasmania have been reported previously (15).

Degree-days. Simple degree-days up to the day of 50% stem
elongation were determined using base temperatures in 1°C incre-
ments between 0 and 25°C. Data reported herein are for models
with base temperatures up to 13°C. Simple degree-days were cal-
culated according to Ring et al. (29) as (daily maximum air tem-
perature + daily minimum air temperature)/2 — base temperature).
If (daily maximum air temperature + daily minimum air tempera-
ture)/2 < base temperature, then (daily maximum air temperature +
daily minimum air temperature)/2 was set to the base temperature
(method 1 as described by McMaster and Wilhelm [12]). Upper
temperature thresholds were not considered because field measure-
ments of stem elongation occurred during later winter and early
spring, when super-optimal temperature would be highly unlikely.
The austral winter solstice (21 June in non-leap years) was selected
as the nominal biofix date based on preliminary evaluation of ear-
lier biofix dates.

For each data set, daily degree-day values were summed from
the biofix to the date of 50% stem elongation for each of the vari-
ous base temperatures. The mean cumulative degree-days among
the 27 data sets were then considered the threshold to 50% stem
elongation and the standard deviation about the mean was calcu-
lated. The mean error and root mean square error in calendar days
was calculated iteratively for each competing base temperature-
threshold degree-day model. To do this for a given model, each
data set was evaluated to determine when the threshold degree-
days (for a given base temperature) was attained. The difference in
days between actual date of 50% stem elongation and the date
when the degree-day threshold was attained was recorded and used
to calculate mean error and root mean square error over all 27 data
sets. The base temperature that minimized mean error and root
mean square error was deemed the most skillful and utilized in
subsequent analyses. A full description of the approach is provided
by Snyder et al. (31).

Inspection of prediction errors indicated a systematic bias of
stem elongation dependent on geographic region of the field. To
correct for these regional effects, a mixed-model analysis was con-
ducted using the MIXED procedure in SAS. The observed degree-
days with base 0°C (selected based on characteristics described
below) was modeled as dependent on the fixed effect of geographic
region (classified as Western, Coastal, or Inland) and random effect
of field within regions. Differences in least square means estimates
of each region were compared by 7 tests in SAS.

Modeling the effects of degree-days on stem elongation. Con-
ceptually, stem elongation in relationship to degree-day accumula-
tion at a given field can be considered to be field specific, with a
random deviation from some population average. In such instances,
random coefficient analysis provides a framework to derive pop-
ulation-level parameter estimates and assess heterogeneity of the
relationship between response and predictor variables (10). Once a
reasonable base temperature for a degree-day model was obtained,
a logistic model of stem growth in relationship to degree-days was
fitted over all data sets, considering each field a random factor in a
nonlinear mixed model. Stem growth measurements and corre-



sponding accumulated degree-days (base 0°C) for all fields were
fitted to a random coefficient version of equation 1. Considering
each field a random factor allowed each field to have its own sub-
ject-specific parameter estimates, which can enter the model non-
linearly. The model for the jth stem growth observation at the ith
field is given by:

Vi = # + €; (2)

1+ [x,j /(x(J +u;, )]

The parameters were as described above for equation 1. Parameters
u; and up are random effect parameters that allowed each field to
have its own field-specific asymptote and time-scale parameters.
For this analysis, the upper asymptote parameter a was set to 100%
stem elongation for biological relevance and to aid in model con-
vergence. The random coefficient u; was modeled to have a nor-
mal distribution with variance 6,. Appropriateness of model fit was
assessed by inspection of residual plots and observed versus meas-
ured field-specific estimates of stem elongation, relative gradient
convergence, and value of the convergence criteria. A full descrip-
tion of the analysis approach can be found in Littell et al. (10).
Relationship between first fungicide application timing and
ray blight severity. The association between timing of the first
fungicide and disease severity was quantified using fungicide effi-
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cacy information in 44 fields from 2003 to 2005, across all three
geographic production regions defined by the degree-day model
development analysis. In each field, two plots (10 m long by 24 m
wide) were established. The first plot received the industry-recom-
mended fungicide protocol (24) and was applied by individual
growers using on-farm spray equipment. Fungicides were applied
using a volume of 300 liters/ha at a pressure of approximately 200
kPa. The second plot did not receive any fungicide treatments.
Plots were separated by an area of 5 m consisting of pyrethrum
which did not receive any fungicides. Disease intensity in both
plots in all fields was assessed between 7 and 12 October 2003, 6
and 11 October 2004, and 8 and 10 October 2005 by measuring
defoliation severity in 60 systematically selected flowering stems
along three linear transects covering the entire width of the plots.
Stems were destructively sampled by breaking as close as possible
to the soil line and transported to the laboratory for measurements
within 48 h. Defoliation severity was defined as the height at which
leaves were either completely necrotic or abscised compared with
overall stem length and expressed as a percentage (14).

Percent disease control was calculated for each field as 100(1 —
w/y.), where y, and y. were ray blight defoliation severity in the
fungicide-treated plot and nontreated control plots, respectively.
Percent disease control was regressed on the date of the first fungi-
cide application, expressed as the summation of degree-days base
0°C, by linear and split-line regression models. Dates of fungicide
applications were obtained from grower production records.

Results

Degree-day model development for stem elongation. Stem
elongation across all fields increased in a sigmoidal pattern over
time (Fig. 1). Among fields, the date of first elongated stem was
observed on assessments conducted from 24 July to 7 August.
Stem elongation was observed on all plants by 13 September to 3
October, and was found to be highly field dependent.

Logistic growth models were fit successfully to data from each
field and provided an adequate description of stem elongation, with
R? values no less than 0.97 for any field. Based on the parameter
estimates from each field, the date of 50% stem elongation was
estimated and was normally distributed among fields with a me-
dian date (rounded up) of 30 August (Fig. 2).

Days after winter sclstice

10
Median = 69.5

Number of fields

55 60 65 70 75 80 85

Days from winter solice to 50% elongated stems

Fig. 1. Percentage of pyrethrum plants with elongated stems in relationship to days
after the austral winter solstice. Data are from 27 pyrethrum fields in Tasmania,
Australia assessed for stem growth during 2009 to 2011. Symbols indicate different
fields within each year.

Fig. 2. Distribution of number of days from the austral winter solstice to elongation
of stems on pyrethrum plants among 27 fields in Tasmania, Australia. The 50%
stem elongation date was estimated from the data in Figure 1 by fitting three
parameter logistic growth models to data from each field separately.
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Fig. 3. Characteristics and errors associated with degree-day models to predict
pyrethrum stem elongation utilizing varying base temperatures. A, Mean and
standard deviation (Std. dev.) of degree-days when 50% of plants have elongated
stems. B, Mean prediction errors and root mean square error (RMSE) based on
calendar days for the competing models. Data are from 27 pyrethrum fields in
Tasmania, Australia assessed for stem growth during 2009 to 2011.

The mean cumulative degree-days to the day of 50% stem elon-
gation decreased from 644.3 with base 0°C to approximately O at
base 13°C (Fig. 3A). Standard deviation of the models was greatest
with base 0°C and decreased to approximately O at base 13°C be-
cause the mean was systemically related to the variance. However,
mean error and root mean square error were smallest with base
0°C. (Fig. 3B). Therefore, a base of 0°C was selected for use in
subsequent analyses.

Prediction errors (expressed in days) were not random but
related to geographic region (Fig. 4). A mixed-model analysis con-
sidering fields within region as random factors indicated that 50%
stem emergence occurred at 590.3 degree-days in fields in the
Western region, 644.6 degree-days in the Coastal region, and 684.7
degree-days in Inland production regions (model significant at P =
0.0504). Stem elongation in relation to degree-day accumulation is
depicted in Figure 5. Mean degree-days at 50% stem elongation
were significantly less in the Western versus Inland regions (P =
0.0154). Multiplication of 590.3 degree-days, the mean for the
Western region, by scalar correction factors of 1.092 for the
Coastal fields and 1.16 for fields in the Inland region reduced
systematic prediction errors (Fig. 4). Overall prediction errors were
—2.4 days with the mixed-effect model and —1.4 days for the fixed-
effect model. However, standard deviation in degree-days with the
mixed-effect model was reduced to 79.2 and root mean square
error in days was reduced to 9.2.

Modeling the effects of degree-days on stem elongation. A
mixed-effect logistic model could be fit to data sets from all fields,
as indicated by residual diagnostics and small (P < 0.000001) final
gradient values for all parameter estimates. The population level
parameter estimates were a = 640.54 (standard error 15.49) and b =
—9.558 (standard error 0.168), both of which were significant (P <
0.0001). The variance component for the random coefficient u, (for
parameter a) was 6675.21 (standard error = 1792.85) and signifi-
cant (P = 0.0009), indicating that the random effects for the begin-
ning of stem emergence varied among fields (Fig. 6). Field-specific
effects of u, were —203.4 to 124.2, with a median of 16.9 and
standard deviation of 82.95. The population-level parameter esti-
mates allowed calculation of mean percent stem elongation as a
function of degree-days.

Relationship between first fungicide application timing and
ray blight severity. Among the 44 fields, percent control of ray
blight was related to the timing of the first fungicide application
when expressed as cumulative degree-days from the biofix (Fig. 7).
A linear relationship between percent disease control and first
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Fig. 4. Distribution of prediction errors of degree-day models (base 0°C) for pyrethrum stem elongation. Models were derived assuming a fixed effect of fields (fixed effects)
or a fixed effect of geographic region (Coastal, Inland, and West Coast) and random fields nested within geographic regions (mixed effects).
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fungicide application timing was significant (R? = 0.40; P <
0.0001), and explained by:

% disease control =
121.8 — 0.134 x (degree-days at first fungicide application) 3)

The distribution of the data suggested a threshold-type response,
where percent disease control decreased linearly with later timings
of the first fungicide application. A split-line regression was fitted
to the data (R* = 0.45; P < 0.0001), and a significant break-point (P
< 0.0001) was found at 513.8 degree-days. The regression model
was % disease control = (61.173 x (513.8 — degree-days) + 61.909
x (degree-days — 348.75)/165.05 when degree-days were less than
513.8; and 61.909 x (760 — degree-days) + 12.693 x (degree-days
— 513.8)/247.238 otherwise. Based on the population average
estimates of stem elongation (Fig. 6), the break-point of 513.8
degree-days corresponded to 10.7% of plants with elongated stems.

Discussion

This study has demonstrated that a change in paradigm for
initiation of the disease management program is needed. The most
appropriate phenological stage for fungicide program initiation can
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be modeled effectively by degree-days using the winter solstice as
a biofix date and a base temperature of 0°C, including a correction
factor for geographic region. Fungicide applications made after the
accumulation of 514 degree-days, corresponding to approximately
10% of plants with at least one emerged stem, tended to result in
relatively poor disease management when expressed as percent
disease control compared with nontreated plants. This timing is
substantially earlier than current commercial practice. Considering
depiction of the temporal progress of ray blight epidemics in the
early spring disease period as polycyclic (14), delays to initiation
of the program are likely to contribute to suboptimal disease con-
trol in the field (18,19,21,23). Practically, delays to fungicide ap-
plication are incurred by irregular field scouting, adverse weather
conditions, and, in some cases, availability of agrichemicals. Ini-
tiating the program prior to stem elongation is likely to also mini-
mize these practical concerns and crop loss by reducing the rate of
epidemic progress (11).

There was considerable variability in when pyrethrum stems be-
gan elongation among both regions and fields within regions. A
mixed-modeling approach identified significant differences in stem
elongation between production regions in the Western, Coastal, and
Inland production areas. The date of 50% stem elongation varied
by 94 degree-days among these regions. This variability may be
due to differences in production practices such as generally earlier
planting dates in the Western region, followed by the Coastal and
Inland regions. Precipitation also tends to be greater in the Western
production region. How these and other factors precisely influence
initial stem elongation is unclear. However, the rate of stem elonga-
tion among fields and regions was similar when expressed relative
to degree-days, and the primary source of variability appears to be
when initial stem elongation commenced (Figs. 5 and 6), which is
supported by the random coefficient analysis.

Previous research on ray blight found that overwintering inocu-
lum density is closely associated with epidemic severity in spring
(16). The current study supports this finding, in that fungicide
applications made earlier than currently recommended are associ-
ated with the most effective control of ray blight. This may be re-

Fig. 5. Percentage of pyrethrum plants with elongated stems in relationship to
cumulative degree-days (base 0°C) beginning at the austral winter solstice. Dashed
lines are population averages for degree-day thresholds for 50% stem elongation in
three production regions (Western, Coastal, and Inland). Thresholds are 590.3, 644.6,
and 684.7 degree-days for Western, Coastal, and Inland regions, respectively. Data
are from 27 commercial pyrethrum fields in Tasmania, Australia assessed for growth
during 2009 to 2011. Symbols indicate different fields within each year.

Percent of plants with elongated stems
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Percent of plants with elongated stems
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Cumulative degree-days (base 0C)

Fig. 6. A, Field-specific pyrethrum stem emergence in relationship to cumulative
degree-days from the winter solstice in 27 fields in Tasmania, Australia. Each field
is represented by a different symbol. B, Population average prediction of stem
emergence based on a nonlinear mixed-effect model. Dashed lines are field-
specific empirical estimates and the heavy solid line is the population-average
prediction of a two-parameter logistic growth model.
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lated to suppression of overwintering inoculum. Although there
appears to be a threshold response where fungicide efficacy dimin-
ishes, the optimal timing of the first fungicide application may be
earlier than the range of dates available in this study, which varied
by approximately 400 degree-days (Fig. 7). Research is ongoing to
quantify the value of fungicide applications made during autumn
and early winter to reduce overwintering of Stagonosporopsis
tanaceti and, in turn, epidemic development during spring.

The dominant source of inoculum for ray blight of pyrethrum
has been suggested as infested seed (16,22). Low diversity within
the pathogen population (25), minimal transfer between isolated
fields (15), and the absence of direct observation of the teleomorph
stage (14) are also suggestive of the dominant role of a localized,
homogeneous primary inoculum source. This situation offers a
unique opportunity for effective intervention of the disease cycle
and perpetuation of any fungicide-resistant isolates which may
develop. This may occur through the implementation of a non-
chemical-based seed treatment, such as hot water, for the establish-
ment of planting material of seed crops at isolated locations. The
implementation of a degree-day phenological model for timing the
first fungicide application also assumes that the direct effect of
overwintering inoculum is, for practical purposes, equal between
fields.

Therefore, despite the optimization of the fungicide-based man-
agement program by manipulating first application with phenologi-
cal stage, the continued reliance upon fungicides may not be sus-
tainable. This is likely to be magnified from the limited availability
of fungicides in different resistance groups. This necessitates the
use of the same chemistries on seed and commercial fields, which
is highly problematic in a perennial crop requiring multiple fungi-
cide applications annually. For example, in the 18-month period
between planting and first harvest alone, fields may receive up to
12 applications of fungicides from, on average, four resistance
groups. Further research should focus on reducing the reliance of
the disease-management program on fungicides by investigating
the role of seedborne inoculum or the economics of controlling
overwintering inoculum and disease severity prior to early spring,
when the early initiation of optimal disease management is a criti-
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Fig. 7. Relative control of ray blight (caused by Stagonosporopsis tanaceti) in
pyrethrum relative to the timing of the first fungicide application in 44 commercial
pyrethrum fields in Tasmania, Australia. Relative disease control was calculated
from assessments of defoliation severity in nontreated and fungicide-treated plots in
each field. The dashed line is the fit of a linear regression (R? = 0.39; P < 0.0001)
and the solid line is a split-line regression (R% = 0.45; P < 0.0001). The breakpoint
in the split-line regression occurs at 514 degree-days.
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cal control period for preventing crop loss (34). Until such alterna-
tives are available, well-timed fungicide applications will continue
to be essential to successfully manage ray blight. The degree-day
models developed in this research will aid these efforts.
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