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Abstract. The expansion of Ostrinia nubilalis Hbn. (Lepidoptera: Crambidae) was mapped with the help of its biological constants
and climatological data based on a 55.8x55.8 km grid of ECMWF ERA-Interim dataset in Europe and North America in order to
determine the tendency of the expansion of the ecotypes between 2003-2018. In the quest of visual mapping of voltinism of O.
nubilalis, the yearly generation number was calculated at different points using the threshold temperature for the development and
the accumulated degree-days. The examination highlighted that the northern limit of expansion of O. nubilalis can be attributed to
latitude 58°N in Europe. Besides, equally uni-, bi- and multivoltine ecotypes of the species were stably represented in Europe in the
period under investigation, from which univoltine is the most widely distributed. Recent global warming and incidence of climate
change favoured the appearance of the four generations of the multivoltine ecotype in southernmost parts of the Mediterranean
Coast since 2014. O. nubilalis has stably developed four different ecotypes in North America during the period of 2003-2018. The
most northern limit of development of this pest lies along latitude 50°N, approximately in the middle of Saskatchewan (Canada).
Middle parts of the USA, including the Corn Belt states, were occupied by the bivoltine ecotype of O. nubilalis. The ecotype changing
triggered by climatic fluctuation is mostly specific for the southern and middle areas of the USA, which can be explained by north-
south relief exposure in North America. In summary, the northward expansion of the more generations of ecotypes of this serious

pest may clearly cause increasing damage in maize-growing areas globally.
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Introduction

The European corn borer (Ostrinia nubilalis Hbn.) (Lepidop-
tera: Crambidae) is one of the most important pests of corn
in the Holarctic range. Its economic importance has in-
creased with the spread of monocultures and the expansion
of the sowing area and large agricultural concerns. Percent-
age of damage estimates vary widely. In certain surveys, the
loss rate at 69% stalk infestation amounts to 11% of the po-
tential yield (Meissle et al. 2009). The pest overwinters as ful-
ly developed larva, inside the plant. Its diapause is con-
trolled by photoperiod (day length), temperature, and the
genetic makeup of the population (Saringer 1976, Glover et
al. 1992).

O. nubilalis is a native species in Europe and western
Asia. It is an introduced insect pest of agricultural crops in
eastern North America since 1917 (Mason et al. 1996). It mi-
grated westward and reached the Corn Belt situated in mid-
dle states (Chiang 1972, Showers 1993).

O. nubilalis develops in different generation numbers
depending on its distribution territory (Ellsworth et al. 1989,
Onstad & Brewer 1996), with observed variation of voltinism
(Showers 1993, Mason et al. 1996). Ecotype describes a topo-
graphically distinct geographic variety, population or race
within a species that is phenotypically adapted to specific
environmental conditions. The total temperature and photo-
period are the most important factors in the diapause induc-
tion of this pest. The critical day length triggering the end of
diapause is 12-15 hours in North America (Beck & Hanec,
1960, Saringer 1976). Univoltine, bivoltine and multivoltine
ecotypes have been defined (Showers et al. 1975). The
post-diapause development (PDD) time for univoltine Euro-
pean corn borers (ECB) under diapause-breaking conditions

averages approximately 44 days, whereas the PDD time for
bivoltine ECB under the same conditions is approximately
15 days. This difference is the principal component of the life
cycle that determines the number of generations possible in
a summer (Glover et al. 1992). In the main maize production
area in Europe, the univoltine and the bivoltine ecotypes can
be assumed based on the flight diagrams; in warmer areas -
for example southern states in the USA - the presence of the
multivoltine ecotype is also likely. It is due to differences in
the heat unit requirements of post-diapause development
(Coates et al. 2004).

The evaluation of flight phenology is not a perfect meth-
od for the determination of O. nubilalis generation numbers.
In the case of the most lepidopterous pests, a distinction
must be made between the concepts of flight and generation,
because not every flight peak indicates a new generation.
Whilst the generation is the period of time required to com-
plete the life cycle of an insect, (in the case of the O. nubilalis)
the flight peak can be originated from protracted emergence
of the generation (Nagy et al. 1997).

The goal of this study was to map the theoretical expan-
sion of O. nubilalis ecotypes based on its biological constants
and 15-year long climatological investigation on a 55.8%x55.8
km grid in Europe and North America, as well as to deter-
mine the changes of different ecotypes’ expansion areas be-
tween 2003 and 2018.

Material and Methods

Initial parameters and biological constants

The aim of the study was to map the annual generation number (G)
of O. nubilalis both in Europe and North America based on a climato-
logical dataset. To achieve this goal, daily four temperature (°C) data
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Figure 1. Network of grid points used for the calculations of ecotypes expansion of European corn borer as continents. [A] Europe;

[B] North America.

(0, 6, 12, 18 UTC) were involved in the calculation between 2003 and
2018. Besides, the pest’s biological constants, such as threshold tem-
perature for the development (t0=10°C) (Apple 1952) and the accu-
mulated degree-days (DD) of the 1st generation: 827 DD; the 2nd
generation 1610 DD, and the subsequent generations uniformly +815
DD (Trnka et al. 1974), were used. As an initial condition, the biolog-
ical activity of the pests need 12-hour critical daylength duration
[CDL] (Beck & Hanec 1960, Saringer 1976)], which was taken into ac-
count on each grid point.

Spatial and temporal units of the model

The calculations were carried out on 2,437 grid points in Palearctic
and on 3,740 grid points in Nearctic regions (Fig. 1). The distance be-
tween two grid points is 55.8 km (longitudinal and latitudinal dis-
tance is 0.75°). The northwestern corner of the Palearctic domain is
N60°W11.25°, the southeastern corner is N39°E51°, while the geo-
graphical parameters of Nearctic domain are N60°W130.5° and
N22.5°W75.75°, respectively.

During the calculation of G for O. nubilalis, adults” appearance in
early April was taken into consideration after pre-ovipositional and
egg-laying periods (10 days) (Matteson & Decker 1965). The growing
season was considered from 15 April to 30 November, uniformly.

Thereafter, the number of applied temperature data was 13.740
on each grid point during the whole growing season between 2003
and 2018.

Modelling the annual generation number (G) of O. nubilalis
After the selection of data based on the given growing season and
CDL, the daily mean temperature (tavc) was calculated on each grid
point. Secondly, the cumulated temperature amount was modelled
as [T=ZnX(tavc-to); where: Zn=number of days in growing season,
tavg =daily average temperature]. Thirdly, to avoid the inter-annual
variability of habitats, the 15-year means of cumulated temperature
amount on each grid point were determined. Finally, the annual
generation number of O. nubilalis was given as follows:

G=[Zn>cpLX(tava.-to)]/C

where C is the accumulated degree-days (DD°®). So, following
the given thresholds of voltinism, each grid point was categorized
into the ecotypes of univoltine, bivoltine, multivoltine 3 and mul-
tivoltine 4. In order to explore the changes in climatological potential
habitat in Europe between 2003 and 2018, the trend of expansion of
the bivoltine ecotype was determined over 15 years. Finally, to high-
light the range of interannual fluctuation, the standard deviation of
accumulated degree-days was calculated on each grid point. Four
categories were used: high (300-400 °C), moderate (200-300 °C) and
low (< 200 °C) fluctuation.

Source of data
The temperature data was generated from the www.ecmwf.int web-
site, ERA-Interim Global Atmospheric Reanalysis dataset (Dee et al.

2011), which is globally accumulated from the first yearly registra-
tion of the CDL. The calculations and CDL data were carried out us-
ing the R open source software (R Development Core Team 2008).

Results

Europe
O. nubilalis is native to southern Europe but is now widely

distributed in the northern hemisphere between latitudes 10
and 58°N in Europe, Asia, northern Africa and North Amer-
ica (Beck 1989). Visualized spreads of different ecotypes of
O. nubilalis in Europe based on ECMWEF ERA-Interim rea-
nalysis can be seen in Fig. 2A.

The most widely distributed ecotype in Europe is uni-
voltine, which is generally dominant to the northern parts of
the Alps and down to the middle of Iberian Peninsula in-
cluding North Portugal and north from Ebro lines in Spain.
The bivoltine ecotype is spread along the coasts of the Medi-
terranean and Black Seas. In addition, its northward expan-
sion in Central- (Carpathian basin) and East European low-
lands can be also noticed since 1990. The three-generations
multivoltine ecotype is largely represented in islands of the
Mediterranean Sea (Balearic Islands, Crete, Cyprus, Malta,
Sardinia, Sicily, etc.); in addition, it existed in the southern-
most points of the Iberian, Apennine and Balkan Peninsulas
during the period 2003-2018.

Comparison of the main maize production areas and the
calculated ecotypes expansions in Europe can be seen in Fig.
2B. The maize production areas in western Europe were
firstly afflicted by univoltine ecotype of O. nubilalis during
the examined period. In contrast, in the determining maize
acreages of Carpathian-basin and the Mediterranean coasts
of East European lowlands, the stable presence of bivoltine
ecotype has already been noticed.

Standard deviation of annual accumulated degree-days
(DD°®) calculated over 15 years on each grid point in Europe
can be seen in Fig. 2C. There is a gradient from north to
south. It mostly originates from natural climatic reasons, i.e.
the change of the annual range of temperature in the grow-
ing season. On the other hand, the higher standard deviation
of accumulated temperature amount suggests greater sensi-
tivity and exposure to the pests, and means higher variabil-
ity in the appearance of generations among years. The most
spectacular changing and the highest fluctuation of O. nu-
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Figure 2. [A] Visualized potential spreads of
O. nubilalis different ecotypes in Europe
based on ECMWEF ERA-Interim reanalysis

bilalis ecotypes can be detected in Southern-Europe, especial-
ly on the Iberian Peninsula. In the middle parts of Spain,
there is moderate fluctuation among years (standard devia-
tion varies between 200 and 300 DD®), while in the southern
regions of the peninsula high fluctuation of standard devia-
tion can be seen (between 300-400 DD®).

It was also interesting that the four-generations mul-
tivoltine ecotype evinced a northern expansion, which can
be only proven since 2014. Its southern European presence
has not been confirmed by the applied long-term climatic
analysis. The continuous northward expansion of the four-
generations ecotype was investigated by using the number
of grid points both in Europe and North America. Significant
increase of habitat was found only in Europe (Fig. 3). The

o (calculated by the number of grid points of
® nigh one year development between 2003 and
® ov 2018). *four generations multivoltine
. moderate . .

ecotype cannot be evinced with average of
15 years in Europe. It has been displayed
since 2014; [B] Coincidence of the main
maize production areas and the different
ecotypes distribution of O. nubilalis in
Europe; [C] Standard deviation of accumu-
lated degree-days (DD°) based on the 15-
year long dataset in Europe.
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Figure 3. The number of grid points of four generations multivoltine
ecotype in Europe between 2003-2018 with a fitted linear regres-
sion (solid line). The coefficient of determination is 0.4175.
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number of grid points reached its maximum (20 grid points)
in 2014, which means a more than 28.000 km?2 increase in
habitat. A Student’s t-test was performed to prove the signif-
icance of the change between 2003 and 2018. The calculated
t-value is 461.128, while the critical t-value with n-2 freedom
of degree (df = 14) and 0.01 significance level is 2.624. The
calculated value exceeds the critical value; it can be declared
that the change of number of grid points is significant. The
presence of this dangerous ecotype has already been detect-
ed in southern parts of the Iberian Peninsula, Sardinia, Sicily,
Crete, Cyprus and the islands of the Aegean Sea for the last
four years.

North America

O. nubilalis has stably developed four different ecotypes in
North America during the period of 2003-2018. The distribu-
tion area of O. nubilalis in North America is shown in Fig.
4A. The most northern limit of the development of one gen-
eration of O. nubilalis lies approximately along latitude 50°N,
including the middle areas of provinces of Saskatchewan
and Manitoba in Canada. In the east and west direction, ar-
eas situated from the northern border of univoltine ecotype
was reached at latitude 46°N.

Middle parts of the USA including the “Corn Belt” states
(e.g. Towa, Illinois, Indiana, Ohio) were occupied by the bi-
voltine ecotype of O. nubilalis. The spread of ecotypes fol-
lows roughly the latitudes in North America, which can be
explained by north-south relief exposure. Their southward
direction shift was mostly triggered by mountain ranges of
the Rocky Mountains System to the west. However, similar
trends can be detected along the Atlantic Coast; the effect of
the Appalachian Mountains are more moderate.

The three-generations, multivoltine ecotype situated be-
tween latitude 32 and 36°N, including infer alia the states of
North-Carolina and Arkansas. O. nubilalis has stably devel-
oped with four generations per year, the average of 15 years
analysed in the southernmost states of Texas, Louisiana and
Florida, as well as southern parts of Mississippi and Ala-
bama. The multivoltine ecotype became permanent in the
Mexican Gulf Coast area and Latin-America.

The most important maize production area in North
America, i.e. the Corn Belt, was afflicted by univoltine and
bivoltine ecotypes of O. nubilalis (Fig. 4B). Northern parts of
the Corn Belt, including North Dakota and South Dakota
and large areas of Minnesota and Wisconsin, coincided with
the univoltine ecotype, whereas the more serious damage
triggering bivoltine ecotype is situated in the southernmost
parts of Corn Belt.

Standard deviation of accumulated degree-days calcu-
lated over 15 years on grid points can be seen in Fig. 4C.
There is a north-south gradient in the fluctuation, which
means that the most stable climatic conditions for the devel-
opment of O. nubilalis are situated in the northern and cen-
tral-western states. Focusing on the Corn Belt, there is mod-
erate fluctuation in Missouri, the southern parts of Illinois
and Indiana, and the eastern half of Kansas, where the
standard deviation varies between 200-300 DD?; so, it can af-
fect the annual number of generations of the pests. The high-
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Figure 4. [A] Visualized potential spreads of O. nubilalis different
ecotypes in North America based on ECMWEF ERA-Interim reanal-
ysis (calculated by the number of grid points of one year develop-
ment between 2003 and 2018); [B] Coincidence of the main maize
production areas and the different ecotypes distribution of
O. nubilalis in North America; [C] Standard deviation of accumu-
lated degree-days (DD°) based on the 15-year long dataset in
North-America.
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est fluctuation can be seen in the southern part of the coun-
try, which can be explained by the mutual effect of shorter
day length in the growing season and the differences in-
mean temperature between years.

Discussion

Our results can contribute to the understanding of manifest-
ed in-crop injuries in some reproduction areas of O. nubilalis.
However, the unusually northern incidence of more genera-
tions of the ecotype can be envisaged in years of extreme
climatic conditions. The novelty of our study lies in the me-
dium-term mapping of different ecotypes based on climatic
conditions. The density of applied data was adequately high
spatially: 0.75° x 0.75° grid over Europe and North America
and temporarily (4 daily temperature data from 2003 to
2018) to map the habitat of the pests with high resolution,
taking into consideration the inter-annual variability and lo-
cal topography as well.

The examination based on ecological parameters of spe-
cies underlined, that uni-, bi- and multivoltine ecotypes of O.
nubilalis were stably represented in Europe between 2003
and 2018 period. The northern limit of expansion of O. nu-
bilalis can be attributed to latitude 58°N in Europe, which co-
incided with the preliminary prediction of Porter et al. (1991)
and Frolov (1998). O. nubilalis was observed in the eastern
USA in 1917 (Mason et al. 1996), and its western spreading
has been continuous (Chiang 1972). The North American
presence of four different ecotypes has already confirmed
the results of former studies (Brindley et al. 1975, Showers et
al. 1975). Univoltine ecotypes may have a selective ad-
vantage in northern climates where short growing seasons
favour a single generation, whereas in more temperate
southern regions, extended larval dormancy may result in
increased mortality (Showers 1993). In the south, increasing
temperature overrode photoperiod (shorter photophase,
longer scotophase) and reduced the number of borers that
diapause (Showers et al. 1975). Interesting molecular biolog-
ical data of O. nubilalis population originating from different
points of North-America was evinced by Coates et al. (2004).
According to their results, significant genetic differentiation
existed between the Atlantic Coast and the Midwestern USA
samples, and between sympatric uni-and bivoltine ecotypes.
These genetic markers identify regional and ecotype differ-
ences in the North American O. nubilalis population.

Climate and weather can substantially influence the de-
velopment and distribution of insects. Anthropogenically-
induced climatic change arising from increasing levels of
atmospheric greenhouse gases would, therefore, be likely to
have a significant effect on agricultural insect pests. Such in-
crease in temperature has a number of implications for tem-
perature-dependent insect pests in mid-latitude regions.
Naturally, O. nubilalis is no exception, because the damage
increasing in maize can be unequivocally traced to the
northward expansion of more generations of the ecotypes of
this species. The practical explanation of this ecological phe-
nomenon is the increasing larval population numbers ex-
panding the number of generations per year. In addition,
further declension of plant health in worldwide maize pro-
duction will be induced. Subsequently, the escalating myco-
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toxin contamination in both grain and forage maize items
caused by masticating insects can be also predicted. The in-
creasing intensity of maize cultivation, the rising average
yields and the spread of maize monoculture were accompa-
nied by the rise of the damaging effects of ECB. Presently,
the population of ECB and the scale of damage inflicted by it
are both fairly high (Meissle et al. 2009), which may justify
the global spreading of in-crop insecticide treatments against
O. nubilalis in extensive maize production, too. In summary,
the implementation of successful protection in line with the
criteria of IPM (Integrated Pest Management) against larval
damage of O. nubilalis will be increasingly challenging for
the worldwide maize production in the future.
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