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Fire blight, which is an important disease of apples and pears, has never been detected in continental Finland. In 
this study the suitability of the Finnish climate for apple blossom blight infections by Erwinia amylovora was evalu-
ated with the epidemiological model MaryblytTM. This was done in fourteen locations, and for two apple cultivars 
differing in flowering times. Climatic conditions were predicted to be suitable for blossom infections in 18 − 51% of 
the years, and the annual period of suitable conditions was predicted to last up to two to five days, depending on 
the location and apple cultivar. The suitable period was predicted to be longer in some locations in central Finland 
than in those in the southernmost parts of the country. Based on these results the official surveys that are carried 
out to confirm the absence of fire blight in Finland cannot be targeted only to some parts of the country. 
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Introduction
Fire blight, caused by the bacterium Erwinia amylovora ((Burrill) Winslow et al.), is an important disease of ap-
ples and pears. In susceptible host plants it causes a systemic infection, which can result in symptoms in all plant 
parts, fruit, leaf, shoot and flower tissue. Finally the infection can lead to death of the entire plant. In addition to 
pome fruit the bacterium infects various ornamental plants belonging to the family Rosaceae, such as Chaenome-
les spp., Amelanchier spp., Crataegus spp., Cotoneaster spp. and Sorbus spp..

E. amylovora was introduced into Europe from North America in the middle of the 20th century (Bonn and van der 
Zwet 2000). Since then it has spread to most European countries, including the countries neighbouring Finland, i.e.
Sweden (Norin 1987), Norway (Sletten 1990), Russia (EPPO 2013) and Estonia (EPPO 2014). In Finland fire blight was
detected for the first time in 2014 on Aland (Evira 2014). In continental Finland fire blight has never been detected.

In the EU Plant Health legislation (Council Directive 2000/29/EC) E. amylovora is considered as a harmful organ-
ism whose introduction and spread within the community should be prevented. For Finland the EU has granted 
the status of a protected zone with respect to fire blight, since the disease is not known to be present in Finland. 
The protected zone status imposes special requirements that aim at preventing the introduction of the disease. 
The import of fire blight host plants is restricted; the absence of the disease has to be verified by an official sur-
vey every year, and if the disease is found it has to be eradicated.

The occurrence of fire blight epidemics depends largely on local weather conditions, and the requirements for 
infection events and symptom development are well known. Primary infections are usually caused by bacteria 
disseminated from overwintered cankers to flowers by insects, rain or wind. In the flowers the bacteria multiply 
and then enter the plant through natural openings at the flower base. The bacteria are transmitted effectively 
from flower to flower by pollinating insects. A comprehensive description of the disease cycle can be found in 
e.g. Thomson (2000).

Several epidemiological models for predicting epidemics and symptom development of fire blight have been de-
veloped. The most widely used models are CougarBlight (Smith 1993, Smith and Pusey 2011), BIS95 (Billing 1996) 
and Maryblyt (Steiner 1990a, Steiner 1990b). In areas where E. amylovora is present these models are used to pre-
dict infection events and appearance of symptoms in order to facilitate the appropriate timing of control measures 
(e.g. Bonn and Leuty 1993, Bonn 1996, Bazzi et al. 1996, Lightner et al. 1999, Abol Maatey et al. 2002, Moltmann 
2006, Vogelsanger et al. 2006, Bobev and Lightner 2008). Although the models were originally developed to sup-
port growers in the control of the disease, they have also been used for assessing the risk of fire blight infections 
in areas where the disease is not present. CougarBlight has been used to evaluate the probability of fire blight 
infections in Estonia (Kõiva 2003), BIS95 has been used for preparing a pest risk assessment for Norway (Sletten 
and Rafoss 2007), and Maryblyt has been used to assess the potential of E. amylovora to cause infections in Ar-
gentina (Giayetto and Rossini 2011).
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The aim of this study was to evaluate the suitability of the Finnish climate for apple blossom blight infections by 
Erwinia amylovora with epidemiological modelling. The evaluation was done for fourteen geographical locations 
around the country, and for two apple cultivars differing in blooming times. The results can be used for assessing 
the risk of fire blight in Finland and for targeting the yearly official surveys that aim for early detection of possi-
ble introductions.

Material and methods

The suitability of the Finnish climate for apple blossom infections by Erwinia amylovora was evaluated based on 
historical weather data for 20 years (1993 − 2012) from fourteen different geographical locations (Fig. 1).

The evaluation was done by using Maryblyt™ 7.0 which is a computer program for predicting infection events 
and symptom development of fire blight in apples and pears (Steiner 1990a). Maryblyt assumes that for apple 
blossom infections to occur four requirements have to be met: (1) flowers must be open with stigmas and pet-
als intact, (2) accumulation of at least 110 degree-hours (DH) above 18.3 °C since the beginning of the bloom, (3) 
occurrence of dew or rain (0.25 mm during the current day, or 2.5 mm during the previous day), and (4) daily av-
erage temperature of at least 15.6 °C (Steiner 1990a). Also, Maryblyt assumes that there is an abundance of in-
oculum in or around the orchard.

Depending on how many of the requirements for blossom infections are met, Maryblyt ranks the risk in four risk 
levels: “infection” (if all four requirements are met), “high risk” (if three requirements are met), “moderate risk” 
(if two requirements are met), and “low risk” (if only one requirement is met). 

Fig. 1. The studied geographical locations. The plant growth 
zones of the locations are shown in brackets.
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The studied geographical locations were selected so that all the most important apple production areas and eight 
of the nine Finnish climatic zones for fruit trees and woody ornamental plants (plant growth zones) were repre-
sented (Fig. 1). The represented plant growth zones were Ia, Ib, II, III, IV, V, VI and VII, of which I is the southern-
most and VII is the northernmost (Solantie 1988). The needed weather data, i.e. daily minimum, maximum and 
average temperature, and rainfall was obtained from the Finnish Meteorological Institute.

The evaluation was carried out for two apple cultivars with extreme flowering times, an early flowering cultivar 
Pirja and a late flowering cultivar Lobo. In reality, these cultivars are not used in all of the studied locations be-
cause of their climatic requirements (Kaukoranta et al. 2010). But, for the purpose of this study, the cultivars were 
considered to represent the earliest and latest apple flowering times possible for all the locations.

The start dates of flowering for the two cultivars were estimated for each year and location separately. The esti-
mations were done using a base temperature of 5 °C (Kaukoranta et al. 2010), and by assuming the cumulative 
degree-days required for flowering to be 170 for Pirja and 200 for Lobo (Tahvonen et al. 2005). 

The analyses were initialized one week before the estimated start date of flowering and the prevailing phenologi-
cal stage at the beginning of the analysis was set as “green tip”. Flowering was assumed to last for two weeks and 
the phenological stage in the last day of the analyses was set as “petal fall”.

Maryblyt analysis was used to estimate the number of days per year during which the climatic conditions were 
suitable for fire blight infections, i.e. days for which the Maryblyt risk level was “infection”. These are referred 
to as “infection days” in the text. This was done separately for the fourteen locations, the two cultivars and the 
twenty years studied. The data on the number of “infection days” was then used to obtain the respective pre-
dictive distributions of the number of “infection days” using Bayesian analysis, which was carried out with Open-
BUGS software. Due to the very large number of zeros in the data, a zero-inflated Poisson model (e.g. Christensen 
et al. 2011) was assumed for ri, the number of “infection days” per year at the ith location. Effectively, the model 
was then a mixture distribution: pi × Poisson(ri | λi) + (1-pi)×1{0}(ri), i.e. Poisson with an added point probability at 
zero. In BUGS language this was implemented as dpois(la[i,k]) with la[i,k]<-lambda[i]*u[i,k] with binary variable 
u[i,k] ~ dbern(p[i]) for the kth observation (year) at ith location. The mean number of “infection days” is μi = λi pi. 
Posterior distribution was computed with uninformative priors pi ~ U(0,1) and λi ~ U(0,100). Posterior predictive 
distribution for ri

pred was produced in two steps: (1) sampling the posterior distribution for all parameters, then 
(2) sampling a predicted value ri

pred from the zero-inflated distribution using the sampled parameters. The model 
was run for 11000 iterations of which the last 10000 were used for further analysis. Convergence was assessed by 
checking the MCMC trace plots which showed no problems. The Bayesian analysis provides local predictions for 
the number of infection days that are conditional on the data and the model.

Areal differences in the suitability of the climate for blossom infections were studied by comparing the predictive 
distributions of the number of “infection days” per year of the different geographical locations separately for the 
two cultivars. This was done by using a Monte Carlo simulation of the number of “infection days” from the pos-
terior predictive distribution, and by computing the probability that the expected number of “infection days” per 
year in a given location is higher than in any other location.

Results

The climatic conditions appear to be suitable for blossom blight infections in all the studied locations and for both 
the studied cultivars (Figs.2 and 3). However, this is true only for a proportion of the years. The probability of the 
climatic conditions being suitable for blossom infections, during at least one day in a year, was predicted to be in 
the range from 0.18 to 0.51, depending on the location and cultivar considered (Table 1). This means that the cli-
matic conditions were predicted to be suitable for blossom infections, during at least one day, in 18 − 51% of the 
years, depending on the location and cultivar considered.
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Fig. 2. The distribution of the number of “infections days” per year for the studied geographical locations 
for cultivar Pirja. The bars show the predictive probability distributions of “infection days”obtained with 
Bayesian analysis, and the solid lines indicate the respective upper bound of 95% HPD-interval (i.e. high-
est posterior density interval). The broken lines indicate the highest number of “infection days” predicted 
for the years 1993 − 2012 by the Maryblyt analysis. (When the lines overlap, only the solid line is visible.) 
The plant growth zones of the locations are shown in brackets.
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Fig. 3. The distribution of the number of “infection days” per year for the studied geographical locations for 
the cultivar Lobo. The bars show the predictive probability distributions of “infection days” obtained with 
Bayesian analysis, and the solid lines indicate the respective upper bound of 95% HPD-interval (i.e. highest 
posterior density interval). The broken lines indicate the highest number of “infection days” predicted for 
the years 1993 − 2012 by the Maryblyt analysis. (When the lines overlap, only the solid line is visible.) The 
plant growth zones of the locations are shown in brackets.
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Table 1. The probability that the number of “infection days” in a year (D) is higher than zero 
in the studied geographical locations for the cultivars Pirja (PPirja) and Lobo (PLobo). The plant 
growth zones of the locations are shown in brackets.

Location PPirja(D>0) PLobo(D>0)

Jomala (Ia) 0.22 0.24

Helsinki (Ib) 0.18 0.18

Lohja (Ib) 0.18 0.31

Piikkiö (Ib) 0.23 0.41

Kokemäki (II) 0.32 0.39

Pälkäne (II) 0.32 0.32

Hirvensalmi (II) 0.45 0.45

Lappeenranta (II) 0.32 0.42

Kuopio (III) 0.42 0.51

Jyväskylä (III) 0.41 0.46

Ylistaro (IV) 0.23 0.32

Oulu (V) 0.18 0.28

Kajaani (VI) 0.27 0.23

Rovaniemi (VII) 0.35 0.41

 
The annual period during which the climatic conditions are suitable for blossom infections appears to be likely to be 
three days or less in most of the locations (Figs. 2 and 3). The upper bound of the 95% HPD-interval (i.e. highest pos-
terior density interval) of the predicted number of “infection days” varies from two to five, depending on the location 
and cultivar considered (Figs. 2 and 3). This means that in 95% of the years the period that is suitable for blossom in-
fections was predicted to be equal to or less than two to five days, depending on the location and cultivar considered. 
 
The length of the period during which climatic conditions are suitable for blossom infections varies between the 
studied geographical locations (Figs. 2 and 3). Yet, there are no clear differences between the plant growth zones, 
and the differences between locations are not consistent between the studied apple cultivars. However, the suit-
able period seems to be longer for both cultivars in central Finland (Hirvensalmi and Jyväskylä) than in the south-
ernmost parts of the country (Jomala and Helsinki) (Table 2). The probability that the expected number of “infec-
tion days” per year in a given location is higher than in any other location is highest for Hirvensalmi for both Pirja 
and Lobo, and lowest for Jomala and Helsinki, for Pirja and Lobo respectively (Table 2).

Table 2. The probability that the expected number of “infection days” per year 
(μi) in the considered location (i) is higher than in any other location (max(μ)) for 
cultivars Pirja (PPirja) and Lobo (PLobo). The plant growth zones of the locations are 
shown in brackets.

Location PPirja(λi = max(μ)) PLobo(λi = max(μ))

Jomala (Ia) 0.005 0.006

Helsinki (Ib) 0.015 0.001

Lohja (Ib) 0.040 0.009

Piikkiö (Ib) 0.054 0.017

Kokemäki (II) 0.031 0.006

Pälkäne (II) 0.078 0.029

Hirvensalmi (II) 0.462 0.383

Lappeenranta (II) 0.018 0.134

Kuopio (III) 0.031 0.175

Jyväskylä (III) 0.223 0.108

Ylistaro (IV) 0.006 0.005

Oulu (V) 0.010 0.006

Kajaani (VI) 0.021 0.073

Rovaniemi (VII) 0.006 0.049
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Discussion
The climatic conditions in Finland appear to be suitable for fire blight infections on apple in all the parts of the 
country that were considered in this study, from the Aland Islands in the south up to Rovaniemi in the north. Based 
on epidemiological modelling and historical weather data for 20 years (1993 − 2012), the climatic conditions were 
predicted to be suitable for blossom infections in 18 − 51% of the years, and the annual period of suitable condi-
tions was predicted to last up to two to five days, depending on the location and apple cultivar considered.

The predicted length of the period suitable for blossom infections varied between the studied geographical loca-
tions and cultivars. Although no consistent pattern in the geographical variation could be detected the suitable pe-
riod was predicted to be longer in some locations in Eastern and Central Finland (Hirvensalmi and Jyväskylä) than in 
those in the southernmost parts of the country (Jomala and Helsinki). However, drawing conclusions about coun-
trywide variation in the suitability of the climate based on these results is dubious, because it is not known how 
well the included locations represent the wider surrounding area with respect to the relevant climate parameters.

The epidemiological model used in this study, i.e. Maryblyt has been successfully used to predict infection events 
in areas where E. amylovora is present, mainly in North America (e.g. Bonn and Leuty 1993, Bonn 1996, Lightner 
et al. 1999), but also in Poland (Sobiczewski and Berczynski 1993), Italy (Bazzi et al. 1996), Germany (Moltmann 
2006), Switzerland (Vogelsanger et al. 2006), Bulgaria (Bobev and Lightner 2008), New Zealand (Couk et al. 1996) 
and Egypt (Abol Maatey et al. 2002). Maryblyt has also been used to assess the probability of fire blight infections 
in areas where the disease is not present (Giayetto and Rossini 2011). However, the accuracy of the predictions is 
naturally more uncertain in areas where they have not been tested in practice.

Some inadequacies of the data used in this study may affect the results. In reality, the climatic conditions in Fin-
land may be suitable for blossom infections more often and for longer periods of time annually than predicted in 
this study. This is because the weather data used in the analysis did not cover any other wetting events but rain. 
Wetting caused by dew or fog was not taken into account, although these may be sufficient to enable blossom 
blight infections (Steiner 1990a, Smith and Pusey 2011).

The apple cultivars considered in this study are not used in all the studied geographical locations, because of their 
climatic requirements (Kaukoranta et al. 2010). Hence, the analyzed situation does not mimic reality exactly. This 
is not considered as a major weakness, since the start dates of flowering of different apple cultivars are normally 
only a couple of days apart, due to the rather similar degree-day requirements of the different cultivars (Tahvonen 
et al. 2005). For the purpose of this study, the cultivars used were considered to represent the earliest and latest 
possible apple flowering times for all the locations. However, the results may be less accurate for the northern 
locations where neither of the studied cultivars is used.

The results of this study indicate that fire blight can cause epidemics in all apple growing areas in Finland. Fortu-
nately, the highest likelihood for epidemics doesn’t seem to be in the important apple growing areas, which are 
the Aland Islands and South and South-Western Finland (Varsinais-Suomi and Uusimaa). About 80% (527 ha) of 
the total apple production area is located in these areas (Tike 2014). In other parts of the country apple is grown 
mostly in home gardens. Only about 7% (45 ha) of the total apple production area is located in Eastern and Central 
Finland (Etelä-Savo and Keski-Suomi), where the likelihood for epidemics is predicted to be the highest (Tike 2014).

The fact that fire blight was recently detected on pear trees in the Aland Islands (Evira 2014) neither supports nor 
compromises the results of this study. This is because the results of this study are not valid for pear, since the de-
velopment of blossom blight on pear differs from that on apple to such an extent that they are treated with sepa-
rate models in Maryblyt. For the same reason the results are not entirely applicable for ornamental hosts either. 
However, the results indicate that epidemics on ornamental hosts are likely to be possible in all parts of the country.

Based on these results the official surveys that are carried out to confirm the absence of fire blight in Finland can-
not be targeted only to some parts of the country. If the primary aim of the surveys is to detect possible fire blight 
invasions as early as possible, it may be advisable to target the surveys especially to the areas in Central Finland 
where the climatic conditions seem to be most favourable to development of epidemics (Hirvensalmi, Jyväskylä, 
Kuopio and Lappeenranta). However, possible areal differences in the probability of pest entry also have to be 
taken into account when planning survey activities. In Finland the introduction of fire blight with apple plants is 
probably most likely in the important apple growing areas located in the Aland Islands and South and South-West-
ern Finland. Likewise, introduction with ornamental hosts is probably more likely in South and South-Western 
Finland due to the higher human population density in those regions. However, without quantitative estimates 
of the areal differences in the probability of pest entry it is not possible to assess whether the differences in the 
probability of entry would overweigh the differences in the suitability of the climate.
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