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SUMMARY

A simple model estimating the seasonal pattern of
air-borne ascospores of Venturia inaequalis was elaborated, by using spore trapping records collected during
a 6-year period (1991-1996) in the Po Valley (North
Italy). The model estimates the proportion of the season’s ascospores trapped by using weather factors
which occur after the first appearance of mature ascospores inside the pseudothecia. Temperature and leaf
wetness are the driving variables included in the model,
expressed as degrees (above 0°C) accumulated daily in
the hours when leaves are wet. The model is a non-linear regression that describes the relationship between
degree-days and the proportion of the season’s ascospores, expressed as a mean and its confidence intervals. The model was verified by comparison with its
component data sets, and was validated with additional
observations of the ascospore trappings made in 1997
and 1998. Validations showed that the model makes accurate estimates, which could be used in the warning
systems for apple scab management, instead of records
from spore traps.
Key words: apple scab, ascospore trappings, weather,
estimating model.

INTRODUCTION

The apple scab pathogen, Venturia inaequalis
(Cooke) Wint., overwinters primarily as pseudothecia
in apple leaf litter. During spring rains, ascospores are
released from the pseudothecia and cause infection.
Since significant sources of conidial primary inoculum
are usually absent (Kennel, 1990; Becker et al., 1992;
Stensvand et al., 1996), control of apple scab is
achieved by application of fungicides to prevent infection by ascospores (MacHardy, 1996). Optimal timing
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of fungicidal sprays coincides with ascospore discharge,
when weather conditions favour the infection process;
the former being usually monitored in the field using
spore traps (Curtis, 1922; Sutton and Jones, 1976;
Gadoury and MacHardy, 1983), the latter being defined according to either the original or the revised
Mill’s table (Mills, 1944; Schwabe, 1980; MacHardy
and Gadoury, 1989; Stensvand et al., 1997). The use of
spore traps, however, is time-consuming and requires
adequate laboratory equipment; in addition the relatively high cost of traps frequently restricts or prohibits
their use. An accurate estimate of ascospore trappings
during the primary inoculum season is then crucial for
an efficient scheduling of fungicide applications in the
absence of a network of spore traps.
Several models have been developed to predict the
first ascospore discharge (James and Sutton, 1982b;
Proctor, 1982) or the dynamic of ascospore maturity
during the season (Massie and Szkolnik, 1974;
Gadoury and MacHardy, 1982c; St-Arnaud et al.,
1985; Lagarde, 1988; Schwabe et al., 1989) as influenced by the weather.
In a previous work (Rossi et al., 1999), we evaluated
the accuracy of the model developed by Gadoury and
MacHardy (1982c) in New Hampshire (USA) under
the conditions of the Po Valley (North Italy). This model estimates the proportion of the season’s ascospores
that are mature and ready for discharge during each
rain event, as a function of the degree-day accumulation, when weather does not limit the wetting of apple
leaves on the orchard floor (MacHardy, 1996). The
model did not fit spore trappings accurately under our
conditions, because of the effect of dryness: when many
consecutive rainless days occurred, the proportion of
ascospores trapped was constantly lower than the model estimates, due to a slowed spore maturation. When
we modified the New Hampshire model to account for
the leaf litter wetness caused by rain and deposition of
atmospheric humidity, which frequently occurs with the
Po Valley weather, there was a significant improvement
in model estimates. Notwithstanding this, differences
between the pattern of air-borne ascospores and estimated ascospore maturity were wide.
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In this work, we devoted further efforts to obtaining
a mathematical model estimating the seasonal pattern of
air-borne ascospores of V. inaequalis on the basis of
weather conditions, whose outputs could be used in our
regional warning system for apple scab management
(Bugiani et al., 1996) instead of the records from the
spore traps.

MATERIALS AND METHODS

Ascospore trapping. To elaborate the model, airborne ascospores of V. inaequalis were trapped during
a 6 year (1991-1996) period at Passo Segni (Ferrara,
North Italy), in a commercial orchard of 9 year-old ‘Imperatore’ trees, spaced 4 x 1.8 m. To validate the model, ascospores were trapped in 1997 and 1998, at Borgo
Panigale (Bologna, North Italy), in a commercial planting of 10 years-old trees cultivar ‘Imperatore’.
In both data sets, to obtain a representative level of
the overwintering pseudothecia, the trees were sprayed
with fungicide each year to control scab, following
common practice. No eradicating practices were applied to the leaf litter, which was allowed to decompose
naturally.
A 7 day recording volumetric spore sampler (Lanzoni VPPS-2000, Bologna, Italy) was installed in the orchard and operated continuously from March to June.
It functioned on a 220 V 50 Hz power source, and was
adjusted to sample air at 10 l min-1 at 150 cm above the
ground. The tape that served as the trapping surface
was 28 mm2 h-1 wide; it was removed weekly and dissected for microscopic examination. The tape was examined microscopically (675x) by scanning 4 equidistant transects across the long axis of the tape at 2 mm (1
hour) intervals. The number of ascospores of V. inaequalis observed in each 1 hour transect was corrected
for the proportion of the tape examined and the volume of air sampled: it was then expressed as trapped
spores per m3 of air per hour. The spore counts were
not adjusted for trap efficiency.
The cumulative number of trapped spores per m3 of
air (that is the ‘relative ascospore dose’, sensu Hirst and
Stedman, 1961) was then calculated as the yearly total
of hourly ascospore densities; afterwards, the cumulative proportion of ascospores trapped at each discharge
was calculated on a 0-1 scale (PAT, proportion of ascospores trapped).
Hourly meteorological data (air temperature, relative
humidity, leaf wetness, rain) were measured in an automatic weather station placed in the neighbourhood of
the experimental site, during the whole season of ascospore trapping.
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Model formulation. In each day of the primary inoculum season, we accumulated air temperatures as follows:
[1]
DDCi = Σij=1 Σ24
h=1 (Thj / 24)
in which: DDCi is the degree-day cumulation on the
ith day; Thj is the air temperature (in °C) in each hour
(h = 1 to 24) of the jth day (j = 1 to i). When Thj ≤ 0, or
when the leaf wetness sensor measured no wetness,
Thj was set at zero; therefore, we accumulated degrees
only when the temperature was above 0°C and the
leaves were wet. The biofix (i.e. the starting point) for
degree-day accumulation (j = 1) was determined using
the model of James and Sutton (1982b), modified by
Mancini et al. (1984), which estimates the mean development stage of pseudothecial population during winter and early spring as a function of air temperature and
leaf litter wetness, using a numerical code ranging from
5 (pseudothecia with lumen filled with pseudoparaphyses, i.e. undifferentiated pseudothecium) to 12
(pseudothecia with pigmented and mature ascospores,
i.e. morphologically mature ascospores). The biofix was
set to be equal to the day when the mean development
stage was 9.5; in fact, at this stage a small part of the
overwintering pseudothecia (about 2%) already contains morphologically mature ascospores, due to variability within the population (James and Sutton,
1982a).
DDC was used as the dependent variable in a nonlinear regression analysis, to fit the cumulative proportion of the season’s ascospores trapped on each ith day
of each year (PATi), according to the following logistic
model (Rossi et al., 1999):
PÂTi = 1/[1+exp(a-b · DDCi)]

[2]

in which: a and b are the model parameters. Analysis
was performed by the nonlinear regression procedure
of the SPSS Advanced Statistics package (SPSS Inc.,
1995), which obtains least squares estimates of the parameters using the algorithm developed by Marquardt
(1963). In the logistic function we used, the parameter a
depends on the length of the initial phase of the seasonal ascospore pattern, when a small part of the spores
mature, whereas the parameter b is influenced by the
rate of ascopore discharged during the central phase of
the primary inoculum season, when most of the ascospores mature.
Like Gadoury and MacHardy (1982c), we calculated
a model fitting the average pattern of ascospore discharge over the years, and its confidence intervals.
Since in the non-linear regression the residual mean
square is not an unbiased estimate of error variance
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(Draper and Smith, 1968), we could not calculate the
confidence region for the model using tests for the linear models. Therefore, we worked as follows. We calculated the values of PÂT in each year, by running the
equation [2] using the parameters previously estimated,
in the interval DDC = 0°C to 500°C, step 25°C. Afterwards, we calculated the mean and the standard deviation of PÂT on each value of DDC, and we used them
to calculate the 95% and 99% confidence intervals for
the means. We then fitted these data using the equation
[2]. Therefore we obtained estimates of the parameters
a and b for the 6-year average of PÂT, and for its confidence intervals (PÂT’ and PÂT’’) at the 95% and 99%
probability levels.
Model verification and validation. To validate model
performances, we plotted actual data collected in 1997
and 1998 (which were not used in model elaboration)
against the range of model estimates. Then we counted
the number of points which fell inside and outside this
range, over the whole season of ascospore trapping, and
separately for the lag phase (that is when 20% of the
season’s ascospores are discharged, PAT ≤ 0.2), the accelerated phase (when 70% of the season’s ascospores
are discharged, 0.2 < PAT ≤ 0.9), and the final phase
(when the final 10% of the season’s ascospores are discharged, PAT > 0.9) (MacHardy, 1996); afterwards, we
expressed them as relative frequencies. In addition, we
counted the number of cases in which the model overestimated and underestimated actual values, and expressed them as relative frequencies. Furthermore, we
analysed errors made by the model in estimating PAT,
by calculating the differences ‘observed minus estimated’.
Ascospore trappings (dependent variable) were regressed against model estimates (independent variable)
and the properties of the linear model were examined:
the null hypothesis that a (intercept of regression line)
is equal to zero, and b (slope of regression line) is equal
to one were tested using the Student t-test: t a =
(a-0)/SEa; tb = (b-1)/SEb. If the t-test for a and b was
not significant, then both null hypotheses were accepted and the model was considered a statistically accurate
estimator of the observed data (Teng, 1981).

RESULTS

Model formulation. The yearly ascospore trappings
we observed changed markedly, regarding both the seasonal pattern and the relative ascospore dose. In 1991,
the period of ascospore trapping was 42 days long, with
two peaks of trapping: the period 23 to 26 March and
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April 5, when 76% and 15% of the relative ascospore
dose (equal to 6746 spores per m3 of air) were trapped,
respectively. In 1992, the trapping period was shorter
(34 days) and the peaks were delayed: on March 30 (1st
trapping day) only 11% of total spores (2836 per m3 of
air) were trapped, whereas 35% and 51% of spores
were trapped on April 17 and 30, respectively. In 1993,
only 360 spores per m3 of air were trapped during a 28day period, with a peak on April 15. In 1994, the trapping season was very short because all the spores
(10,051 spores per m3 of air) were trapped in 16 days,
with three peaks: on April 2 (35% of relative ascospore
dose), April 10 (22%), and April 16 (25%). In 1995,
the period of spore trapping was 59 days, but in a 5-day
period (April 20 to 24) 85% of the relative ascospore
dose (15,378 spores per m 3 of air) was trapped. In
1996, few spores were trapped between April 2 and
May 2 (555 spores per m3 of air), mostly on April 29
(37% of total spores) and May 1 (30%).
The goodness of the fitting of PAT data obtained by
the logistic model [2] was evaluated on the basis of the
standard error of parameters, the R2 statistic, and the
distribution of residues versus predicted values. The
values of R2 ranged between 0.93 (in 1991) to 0.99 (in
1992 and 1995), but most of them were higher than
0.96, and the fitted curves did not show systematic deviations from actual data (Fig. 1); in addition, the relative deviations were of about the same magnitude over
the whole range of actual data (not shown). Standard
errors of parameters were constantly low (Fig. 1), and
estimates of the model parameters always agreed with
their biological means. Based on the previous results,
we considered the values of PAT calculated by the
model [2] very accurate estimates of the proportion of
the season’s ascospores ready to be ejected on each discharging occasion.
Equation [2] fitted the average of the PÂT values
over the 6-year period, and its confidence intervals accurately, as the parameter values and the related statistics showed (Table 1).
Model verification. Considering the 99% probability
level, the upper and lower limits of the confidence
bands were quite wide during the middle of the primary inoculum season (Fig. 2). For example, at the midtime of ascospore discharge (when PAT = 0.5, and
DDC = 197°C), the upper and lower limits for PAT
were 0.8 and 0.2, respectively, whereas the limits for
DDC were 155°C and 236°C, respectively. However,
the model was more precise at the beginning and at the
end of ascospore season. When PAT = 0.9 (at DDC =
260°C), the confidence limits were 0.97 and 0.69 for
PAT, 217°C and 299°C for DDC.
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Fig. 1. Dynamic of the proportion of the season’s ascospores of V. inaequalis trapped during a 6 year period,
in relation to the degree-days above 0°C, accumulated when leaves were wet (DDC, °C). Points represent observed values; lines are the values fitted by the logistic model [2]; a and b are the model parameters, with the
respective asymptotic standard errors (SE).
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Table 1. Parameters and statistics of the logistic functions [2]
used to fit the average cumulative proportion of the season’s
V. inaequalis ascospores trapped (PAT), and its confidence
intervals at 95% and 99% probability levels, as a function of
the accumulated degree-days (DDC).

PAT

3

a

SEa 1

b

SE b1

R 2 (2)

6.89

0.302

0.035

0015

0.99

PAT’ 95%

4

5.69

0.082

0.035

0014

0.99

PAT’’ 95%

5

8.01

0.120

0.035

0014

0.99

PAT’ 99%

5.41

0.135

0.035

0016

0.98

PAT’’ 99%

8.27

0.176

0.035

0016

0.98

1 Standard

error of model parameters.
of determination.
3 1991-1996 average.
4 Lower limit for the confidence interval.
5 Upper limit for the confidence interval.
2 Coefficient
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Model validation. To validate the model, we compared
its estimates to the actual ascospore trappings collected
in 1997 and 1998, which were not used in model elaboration. In 1997, the season of primary inoculum discharge was 72 days long, with a peak on May 8, when
62% of total ascospores (274 spores per m3 of air) were
trapped. In 1998, a total of 567 spores per m3 of air
were collected during a period of 67 days; most of them
(74%) were trapped between April 10 and 19. When
the actual values of PAT were plotted against the model
outputs, 29 of 32 observations (91% of cases) fell inside
the 99% confidence bands of the estimates. In 2 outsider cases, observed PATs were very close to the upper
limit of the estimates. Compared to the mean value of
model outputs, 62% of observed values were underestimted, 19% were overestimated, whereas 19% of them
were equal to the estimated values (Fig. 3).

During the whole period of ascospore trapping, 45
of 60 observed PAT values (75%) fell inside the 99%
confidence interval of the values estimated by the
model, whereas 15 cases (25%) fell outside, although
at a very narrow distance from either the upper or the
lower limit (Fig. 2). Six outsiders occurred during the
lag phase (30% of total trappings during this phase),
4 occurred during the accelerated phase (20%), and 5
in the final phase (25%). 42% of cases were overestimated, whereas 58% of them were underestimated
(Fig. 2).

Fig. 3. Comparison between the proportion of the season’s ascospores of V. inaequalis trapped in 1997 and 1998 (points)
and estimated by the logistic model [2] (average and its 99%
confidence bands) (lines), over the degree-days above 0°C, accumulated when leaves were wet (DDC, °C) (see Table 1 for
model parameters).

Fig. 2. Comparison between the proportion of the season’s ascospores of V. inaequalis trapped during a 6 year period
(points) and estimated by the logistic model [2] (average and
its 99% confidence bands) (lines), over the degree-days above
0°C, accumulated when leaves were wet (DDC, °C) (see
Table 1 for model parameters).

The mean error (observed - estimated) in estimating
PAT was 0.063 (min -0.423, max 0.373). Error distribution had a mode of about zero, and 50% of data were
between 0 and 0.194; the 2 worst estimates may be considered as outliers (Fig. 4).
The linear regression between observed and estimated data showed a significant statistical agreement; in
fact, neither a (= 0.0242±0.049) nor b (= 0.86±0.095)
were significantly different from zero and one, respectively. The total variance accounted for by the regression was 73%.

116

Estimating air-borne ascospores of Venturia

Fig. 4. Box plot representing distribution of the errors in estimating the proportion of the season’s ascospores of V. inaequalis trapped (PAT) in 1997 and 1998, by means of the logistic
model [2]. Errors are expressed as: PATobserved - PATestimated ;
the central box covers the middle 50% of the data, between the
lower and upper quartiles, while the whiskers extend out to the
min and max values; points are outliers.

DISCUSSION

The model we elaborated estimates the proportion
of the season’s ascospores which are air-borne on each
discharging event (i.e., the response variable), by using
weather factors (i.e., the driving variable) which occur
after the first appearance of mature ascospores inside
pseudothecia (i.e., the biofix).
In our model, we used a response variable different
from the one used in some previously elaborated models, especially that elaborated by Gadoury and
MacHardy (1982c) in New Hampshire. The previous
authors used data from laboratory and field studies to
develop a model to estimate the cumulative proportion
of mature ascospores, as measured by counting the ascospores discharged in water by pseudothecia
(Gadoury and MacHardy, 1982b), or by examining
crushed pseudothecia (Gadoury and MacHardy,
1982a). In contrast, we used data on the cumulative
proportion of ascospores trapped at each discharge, as
recorded by a volumetric spore sampler installed in an
apple orchard. We chose this approach because: (i) our
aim was to elaborate a model whose outputs could be
used in our regional warning system for apple scab
management, instead of the records from the spore
traps; (ii) estimating spore trapping records could account for all the factors affecting the discrepancies be-
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tween ascospore maturation in the leaf litter at the orchard floor and ascospore density in the orchard air,
such as, for instance, the dynamic of the discharging
events or the rate of leaf litter decomposition
(MacHardy, 1996).
The environmental factors involved with our model
were air temperature and leaf wetness, expressed as degrees accumulated daily in the hours when leaves were
wet. We chose this variable to account for the influence
of both temperature and leaf litter wetness on ascospore maturation. Some previously elaborated models showed the great influence of temperature on the
seasonal pattern of ascospore maturation (Massie and
Szkolnik, 1974; Gadoury and MacHardy, 1982c; St-Arnaud et al., 1985; Lagarde, 1988; Schwabe et al., 1989).
On the other hand, MacHardy (1996), by analysing
performances of the New Hampshire model (Gadoury
and MacHardy, 1982c) at some locations in Norway,
showed that the wide discrepancy between the ascospore maturity predicted by the model and the cumulative spore trapped results from the effect of extended dryness on spore maturation. Stensvand et al.
(1998) obtained a better estimate of spore maturation
subtracting the dry days beyond the 4th dry day from
the degree-day accumulation than by using the original
New Hampshire model. Rossi et al. (1999) improved
the accuracy of the New Hampshire model outputs in
the Po Valley’s weather (North Italy) by accumulating
degrees only in the days when leaf litter was estimated
to be wet.
As Gadoury and MacHardy (1982c) did in their
model, we used the first appearance of mature ascospores as the biofix for degree-day accumulation. We
chose to estimate the date when mature ascospores first
appear, by using the model developed by James and
Sutton (1982b), modified by Mancini et al. (1984), instead of inducing ascospore discharge or examining
crushed pseudothecia. We considered this approach
suitable for our advisory system for the following reasons: (i) low daily degree-day cumulation in early spring
minimizes errors in choosing the date of biofix
(MacHardy, 1996); (ii) the model runs using weather
factors, which are measured by a widespread network
of meteorological stations; (iii) the model gave an accurate simulation of pseudothecial development under the
conditions of the Po Valley (Mancini et al., 1984). In
our previous experiments, by setting the biofix when
the mean of pseudothecial development is 9.5, it was
possible to explain 100% of the earliest dates when ascospores were discharged over a 17 year period (unpublished data), because, at this stage, a small part of
the overwintering population contains pigmented and
mature ascospores (James and Sutton, 1982a).
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The model we elaborated is a non-linear regression
that describes the relationship between the weather factors and the proportion of season’s air-borne ascospores, expressed as a mean and its confidence intervals; the confidence bands are a part of the model, to allow estimation of the deviation from the expected spore
density at various times during the primary inoculum
season. Air-borne ascospores are then expressed as an
estimate with upper and lower confidence limits.
First validations suggest that our approach can be
considered successful, because the model makes accurate estimations based on input data not used in model
development, and representing different epidemiological conditions. If further validations confirm the accuracy of the model, it will be used in our warning system
for apple scab management to estimate the relative inoculum level within apple orchards, i.e. the percentage
of the season’s primary inoculum that is air-borne at
each ascospore discharge.
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