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ABSTRACT
In this study, the effect of temperature on the growth of the European pepper moth, Duponchelia fovealis 
(Zeller), was assessed at five constant temperatures (18, 21, 24, 27 and 30 °C). The European pepper moth 
was observed to complete its developmental stages (from egg to adult) at all the temperatures evaluated. 
From the results, it was evident that temperature affected the rate and development time of all the growth 
stages, to a significant degree. The length in time of the embryonic, larval, pupal and total (egg-adult) 
stages was observed to drop as the temperature rose from 18 to 24 °C, but remained constant between 27 
and 30 °C. The developmental time in the pre-pupal stage dropped between 18 and 30 °C. The European 
pepper moth takes 454 degree-days to complete development at 11.7 °C temperature threshold. The D. 
fovealis survival was thus inversely proportional to temperature over range of 18 to 30 °C. On assessing 
the number of annual generations for the five largest strawberry-producing municipalities in Espírito Santo 
State, an average of 5.5 generations per year was estimated. This is a first report of temperature on D. 
fovealis development.
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INTRODUCTION

Temperature may influence the biological traits 
of insects including their development, survival, 

longevity, fertility and fecundity (Krechemer and 
Foerster 2015). According to Manfredi-Coimbra 
et al. (2001) the increase in temperature up to 
a specific degree can shorten the length of the 
developmental phases of the egg, larva and pupa 
and thus reduce the time of the complete insect 
cycle. In addition, the increase in temperature may 
reduce the adult male and female longevity and 
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retard embryonic development (Krechemer and 
Foerster 2015, Moraes and Foerster 2015). Other 
biological characteristics of the insects also respond 
better to a certain temperature range. For instance, 
depending on the species, the survival and fecundity 
may increase at temperature ranges from 22 to 30 
°C (Bavaresco et al. 2002, Martins et al. 2016, 
Tofangsazi et al. 2012). Therefore, research on the 
influence of temperature and thermal requirements 
on the biological parameters of pest insects is 
very crucial in the understanding of pest behavior, 
ecology and management (Kang et al. 2009). 

The European pepper moth, Duponchelia 
fovealis Zeller (Lepidoptera: Crambidae) originally 
from the Mediterranean regions and Canary 
Islands, is also found as a greenhouse pest in 
certain parts of Europe, Africa and the Middle East 
(Ahern 2010, Bonsignore and Vacante 2010). In 
2004, this moth was identified in North America 
(in the USA) and in 2005 in Canada, after which 
eradication measures were taken (Bethke and 
Bates 2014, Brambila and Stocks 2010).  In Brazil, 
this pest continues to damage the strawberry crop 
since 2010, and is mostly present in the states of 
Paraná, Espírito Santo and southern Minas Gerais 
(Fornazier et al. 2011, Souza et al. 2013, Zawadneak 
et al. 2016). Reportedly, the European pepper moth 
feeds on a minimum of 38 plant families and is 
a pest on 35 species, ranging from the aquatic 
to cultivated plants (Brambila and Stocks 2010, 
Stocks and Hodges 2013). The wide distribution 
of the European pepper moth geographically, 
the numerous hosts it lives on and its speedy 
expansion into many of the strawberry-producing 
regions are perhaps because of the high degree of 
adaptability this species exhibits to a variety of 
environmental conditions.  Therefore, studies on 
the thermal requirements of D. fovealis will prove 
beneficial to generate sufficient data to facilitate 
the implementation of the management strategies 
under field conditions, apart from offering a clear 

insight into the population growth dynamics of this 
dominant strawberry crop pest.

Therefore, thus far, no other research has been 
conducted to estimate the influence of constant 
temperatures on the biological activities of D. 
fovealis. Therefore, the aim of the current study 
was to assess the influence of temperature on the 
D. fovealis development and survival, to evaluate 
its thermal requirements and estimate the number 
of annual generations for five strawberry producing 
municipalities in the Espírito Santo State (Venda 
Nova do Imigrante, Domingos Martins, Vargem 
Alta, Santa Maria de Jetibá and Muniz Freire).

MATERIALS AND METHODS

The experiments were performed in the Entomology 
Sector of the Núcleo de Desenvolvimento Científico 
e Tecnológico em Manejo Fitossanitário de Pragas 
e Doenças (NUDEMAFI); this is part of the Centro 
de Ciências Agrárias e Engenharias (CCAE) of the 
Universidade Federal do Espírito Santo (UFES), in 
Alegre, Espírito Santo, Brazil.

REARING D. fovealis IN THE LABORATORY

Duponchelia fovealis adults obtained from the 
NUDEMAFI laboratory were placed in PVC tubes 
(20 cm diameter x 20 cm height), plugged at the 
lower end with sulfite paper-coated Styrofoam 
and sealed at the upper end with voile tissue. The 
insides of the tubes were lined with sulfite paper 
to receive the eggs laid. A cotton swab with 10% 
honey solution was offered to the adults in the glass 
tubes (2 cm diameter x 5 cm height). The eggs 
were then gathered and saved in acrylic jars (15 
x 15 x 6 cm height). After the eggs hatched, the 
newly emerged caterpillars were placed in plastic 
pots (16 cm diameter x 10 cm height), the lower 
bases of which were lined with folded paper. Small 
pieces (± 1 cm3) of artificial diet were offered as 
food, according to the method of Greene et al. 
(1976). Post larval development, the pupae were 
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moved to moistened paper-lined pots. A D. fovealis 
colony was thus established in the laboratory under 
temperatures of 25 ± 1 °C, relative humidity of 
70% ± 10% and photoperiod of 12 hours.

DEVELOPMENT AND SURVIVAL OF D. fovealis AT 
DIFFERENT TEMPERATURES

The different developmental stages of D. fovealis 
and its survival were assessed in laboratory at five 
different temperatures (18, 21, 24, 27 and 30 °C), 
RH 70 ± 10% and 12-hour photoperiod.

To ascertain the duration of the embryonic 
development, 24-hour old egg masses were 
incubated at the five different temperatures 
mentioned above. For each temperature, 120 eggs 
were used, out of which only 100 were randomly 
selected for assessment. Daily observation of the 
eggs was done until hatching and the period of 
embryo development was recorded.

To study the larval period, the freshly emerged 
caterpillars were individually inoculated into glass 
tubes (8.5 cm x 2.5 cm in diameter) in which 
the identical diet used for breeding was placed. 
The tubes, each containing 100 caterpillars were 
maintained in air-conditioned chambers for each 
of the five temperatures. Daily observations were 
done and the durations and viability of larval, pre-
pupal and pupal phases were recorded.

Once the adults had emerged, a couple were 
placed in each PVC cage (10 cm diameter x 10 
cm height) and fed on the 10% honey solution. 
Daily observations were done to assess the adult 
longevity. Twenty repetitions were performed for 
each temperature. 

STATISTICAL ANALYSIS

A completely randomized design was selected for 
the experiment. Five treatments (temperatures) 
and ten replications were done with each replicate 
involving 10 individuals, on average. The Shapiro-
Wilk test was used to check the normality of the 
developmental data. When normal, the data were 

submitted to one-way ANOVA and the means were 
compared employing the Tukey test (P<0.05); 
however, when the data were non-normal, they 
were submitted to Kruskall-Wallis ANOVA and 
the means were compared using the Dunn test 
(P<0.05). Survival curves were assessed applying 
the Kaplan-Meier method (Kaplan and Meier 
1958), analyzed by the LogRank test (P<0.05) and 
compared with the Holm-Sidak test (P<0.05).

The data on the duration of the development 
of each life stage, as well as that of the total 
cycle were analyzed using linear regression 
according to model 1/D = a + bT, where 1/D is 
the development time, a is the linear coefficient, b 
is the angular coefficient and T is the temperature. 
The temperature threshold (Tt) and the thermal 
constant (K) in degree-days were estimated with 
the hyperbola method, employing the equations Tt 
= -a/b e  K = 1/b (Campbell et al. 1974).

Nonlinear models were also tested (Table I), in 
order to estimate the upper temperature threshold 
(TL) and the optimum temperature (Topt) (Briere 
et al. 1999, Lactin et al. 1995, Logan et al. 1976). 
The models were estimated by the Levenberg-
Marquardt method, using the minpack.lm package 
(Elzhov et al. 2016) of the R application version 
3.4.0 (R Development Core Team 2017). The 
selection of the models was performed using a 
Chi-square (χ2) test, the adjusted determination 
coefficient (R2 adj), residual square sum (RSS), 
Akaike information criterion (AIC) and maximum 
likelihood logarithm (LogLIK).

The number of monthly D. fovealis generations 
(NG) was calculated for the five main strawberry-
producing municipalities of the State of Espírito 
Santo (Venda Nova do Imigrante, Domingos 
Martins, Vargem Alta, Santa Maria de Jetibá and 
Muniz Freire) utilizing the equation NG = {T 
(Tm– Tt)/K}, where T is the number of days per 
month and Tm is the average temperature for the 
locality under study. To calculate the number of 
annual generations was used the cumulative 
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number of monthly generations. The temperature 
data (monthly average between 2006 and 2015) of 
each municipality were provided by the Capixaba 
Institute for Research, Technical Assistance and 
Rural Extension (INCAPER).

RESULTS

The European pepper moth was observed to 
complete its development at all the temperatures 
studied. Temperature was found to vitally affect the 
egg to adult developmental cycle (F4, 45 = 476.2; 
P<0.001), which was 26.6 and 82.9 days at 30 
and 18 °C, respectively (Table II). The incubation 
period lasted from four days at 30 °C to ten days 
at 18 °C (H4 = 49.0; P<0.001) (Table II). Larval 
development extended to 15.1 and 50.4 days at 30 
°C and 18 °C, respectively (H4 = 45.1; P<0.001; 
Table II). The pre-pupal stage was observed for 

only a single day at 30 °C and 4.1 days at 18 
°C, with crucial differences noted among all the 
temperatures (F4, 45 = 517.8; P<0.001; Table II). 
The time of development of the pupal phase (H4 = 
46.3; P<0.001) was inversely proportional to the 
rise in temperature (Table II).	

The lower thermal thresholds (T0) and degree-
days values (K) were estimated by the common 
linear model over the linear response range (Table 
III). On extrapolating the linear regression lines 
of the developmental rate and temperature, the T0 
value for each developmental stage of D. fovealis 
was reported to be between 10.1 and 14.5 °C (Table 
III). The T0 for the egg, larval, pre-pupal and pupal 
phases were 10.1, 12.3, 14.5 and 11.1, respectively 
(Table III). The K values were 73, 256, 16 and 
116 degree-days, for the egg, larval, pre-pupal 
and pupal phases, respectively (Table III). The T0 

TABLE I 
Nonlinear models evaluated to describe the relationship between temperature and development rate (r(T), in days-1) for 

Duponchelia fovealis.
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TABLE II 
Development time (days) of different life stages of Duponchelia fovealis reared on artificial diet at five constant 

temperatures.
Temp. (°C) Egg b Larva b Pre-pupa a Pupa b Total a

18 10.0 ± 0.00 a 50.4 ± 2.06 a 4.1 ± 0.1a 18.3 ± 0.30 a 82.9 ± 1.85 a
21 7.0 ± 0.00 ab 31.1 ± 1.13 ab 2.6 ± 0.03 b 11.9 ± 0.15 ab 52.6 ± 1.23 b
24 5.0 ± 0.00 bc 19.9 ± 0.46 bc 1.9 ± 0.02 c 8.5 ± 0.07 bc 35.4 ± 0.51 c
27 4.0 ± 0.00 c 17.9 ± 0.49 c 1.3 ± 0.04 d 7.0 ± 0.12 cd 30.3 ± 0.48 d
30 4.0 ± 0.00 c 15.1 ± 0.40 c 1.0 ± 0.02 e 6.5 ± 0.09 d 26.6 ± 0.41 d

Values are expressed as mean ± SE, different letters indicate statistically significant differences according to (a) Tukey’s test or (b) 
Dunn’s test at 5% probability.
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TABLE III 
Estimates of linear regression parameters, min. temp. threshold (T0), and thermal constant (K) for Duponchelia fovealis 

under laboratory conditions.
Stage χ2 p - value R2adj RSS AIC LogLIK
Egg 0.0023 0.9999993 0.9216 0.001035714 -22.2211 14.1106

Larval 0.0004 0.9999999 0.9643 0.00003729 -38.8414 22.4207
Pre-pupal 0.0072 0.9999936 0.9769 0.006322168 -13.1763 9.5881

Pupal 0.0008 0.9999999 0.9769 0.000180638 -30.9529 18.4765
Egg to adult 0.0002 0.9999999 0.9740 0.00000840 -46.2930 26.1465

Stage T0 (°C) K (degree days) Linear equation
Egg 10.1 73.53 y = -0.137143 + 0.013571*T

Larval 12.3 256.41 y = -0.0483159 + 0.0038826*T
Pre-pupal 14.5 16.63 y = -0.932636 + 0.063227*T

Pupal 11.1 116.26 y = -0.0951752 + 0.0085742*T
Egg to adult 11.7 454.54 y = -0.0260595 + 0.0021685*T

Figure 1 - Temperature-dependent developmental rates (days-1) of egg, larval, pre-pupal, 
pupal stages and cycle of Duponchelia fovealis described by the Briere-1 model. Circles 
indicate observed values, while curves represent the model.
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TABLE IV 
Estimated coefficients, thermal constants, and goodness of fit for nonlinear models for Duponchelia fovealis, under 

laboratory conditions.

Model Parameter
Stage

Egg Larval Pre-pupal Pupal Egg to adult

Briere-1 a 0.000143 0.000045 0.000955 0.000095 0.000025

T0 (°C) 6.57 10.61 13.11 8.52 9.95

TL (°C) 36.39 36.21 36.11 36.30 36.24

Topt (°C) 29.61 29.97 30.56 29.77 29.91

χ2 0.0488 0.0226 0.9464 0.0364 0.0114

p-value 0.99999 0.99999 0.9999896 0.99999 0.99999

R2adj 0.9683 0.9808 0.9426 0.9426 0.9907

RSS 0.000809 0.000045 0.055553601 0.000132106 0.0000067

AIC -42.8872 -65.9201 -9.0558 -57.3878 -81.2698

LogLIK 25.4436 36.9600 8.5279 32.6939 44.6349

Lactin-1 ρ 0.134909 0.15381 0.192566 0.143151 0.150141

Δ 7.375064 6.496907 5.176557 6.969182 6.657375

T0 (°C) - - - - -

TL (°C) 37.17 36.74 36.39 36.96 36.81

Topt (°C) 29.78 30.24 31.21 29.98 30.15

χ2 0.0441 0.0198 0.8487 0.0323 0.0100

p-value 0.99999 0.99999 0.999994 0.999998 0.999998

R2adj 0.9364 0.9598 0.9964 0.9964 0.9723

RSS 0.0015168 0.0000886 0.003225093 0.000356301 0.000018

AIC -37.8618 -60.5810 -31.8269 -49.4504 -73.1178

LogLIK 22.9309 34.2905 19.9134 28.7252 40.5589

Logan-6 Ψ 0.07309 0.008523 0.029945 0.03398 0.007272

ρ 0.12973 0.145407 0.146595 0.1373 0.144502

Δ 7.08855 6.136941 3.837922 6.68123 6.404738

T0 (°C) - - - - -

TL (°C) 37.17 36.74 36.37 36.96 36.81

Topt (°C) 30.08 30.60 32.53 30.28 30.40

χ2 0.0441 0.0198 0.8234 0.0323 0.0100

p-value 0.99999 0.99999 0.9999952 0.99999 0.999998

R2adj 0.9204 0.9497 0.9962 0.9962 0.9653

RSS 0.00151776 0.00008865 0.00266812 0.000356519 0.000019

AIC -35.8567 -58.5792 -31.3436 -47.4455 -71.1122

LogLIK 22.9283 34.2896 20.6718 28.7228 40.5561
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and K values for the complete development (from 
egg to adult) were 11.7 °C and 454 degree-days, 
respectively (Table III).

The non-linear models evaluated were adjusted 
by the Chi-square test and high values of R2 adj in 
the distinct stages of development of D. fovealis 
(Table IV). However, the careful analysis of AIC 
and LogLIK revealed that the Briere-1 model 
showed a better fi t for all stages of development 
(Table IV, Figure 1). Based on the Briere-1 model, 
were estimated the upper thresholds (TL) and the 
optimum temperature (Topt). The TL values were 
close to 36 °C, while Topt values were between 29.61 
and 30.56 °C at distinct stages of development of 
D. fovealis (Table IV). The predicted value of the 
developmental rate as a function of temperature is 
presented (Figure 1).

Temperature was seen to greatly influence 
the shape of the survival curves (LogRank Test = 
357.86; P<0.001), showing that the life-time of the 
insect was inversely proportional to the temperature 
(Figure 2).

For the D. fovealis adults, the average 
longevity was found to be inversely proportional 

Figure 2 - Survival curves of Duponchelia fovealis at fi ve 
constant temperatures.

Figure 3 - Estimated number of annual Duponchelia fovealis generations in the fi ve 
main strawberry producing municipalities of Espírito Santo State.

to temperature and varied signifi cantly among the 
treatments for males (F4, 105 = 28.11; P<0.001) and 
females (F4, 83 = 29.41; P<0.001; Table V).

The annual D. fovealis generations was 
determined to be 6.1, 5.7, 5.2, 5.5 and 4.8 for the 
Muniz Freire, Domingos Martins, Santa Maria de 
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Jetibá, Vargem Alta and Venda Nova do Imigrante 
municipalities, respectively (Figure 3). When the 
monthly variations in the number of D. fovealis 
generations were analyzed, a large drop (0.21 to 
0.38 generations per month) was noted between 
June and August, when the temperatures dipped 
below 18 °C; but between December and February, 
an increase in the number of generations was seen 
(0.5 to 0.67) with temperatures ranging from 21 to 
24.2 °C (Figure 4).

DISCUSSION

The current study was the first to analyze 
the influence of temperature on D. fovealis 
development. The results clearly verified that 

temperature infl uenced all the developmental stages 
of life of the European pepper moth, in which the 
development time increased at lower temperatures, 
when there was a drop from 30 to 18 °C. Such an 
infl uence of temperature on insect development 
can be attributed to the behavioral plasticity of the 
ectotherms (Sunday et al. 2014), which require an 
appropriate temperature to optimize the working 
of their physiological processes (Krechemer and 
Foerster 2015). The metabolic processes of insects 
increase at high temperatures, and consequently 
their developmental time is reduced (Akbar et 
al. 2016, Martins et al. 2016). However, the 
lower temperatures decrease the metabolic rate 
and lengthen the time of insect development 
(Marchioro and Foerster 2011); under conditions of 
extreme cold, ionic imbalance is induced, causing 
impairment of neuromuscular function, resulting in 
chill-coma (MacMillan and Sinclair 2011). 

The development rate for D. fovealis estimated 
in the current study was adjusted to the linear 
model for all the developmental phases. Normally, 
the relationship between the developmental rate 
and temperature is curvilinear near the extreme 
temperatures, and roughly linear at moderate 
ones (Liu et al. 1995, Liu et al. 2015). Nonlinear 

Figure 4 - Estimated number of monthly Duponchelia fovealis generations in the 
fi ve main strawberry producing municipalities of Espírito Santo State.

TABLE V
Longevity (days) of males and females adults of 

Duponchelia fovealis at fi ve constant temperatures.
Temperature (°C) Male Female

18 16.8 ± 1.13 a 14.7 ± 1.20 a
21 10.9 ± 0.92 bc 13.2 ± 0.92 a
24 9.2 ± 1.12 c 9.8 ± 1.07 b
27 6.6 ± 0.61 cd 6.8 ± 0.77 c
30 5.1 ± 0.49 d 5.0 ± 0.65 c

Values are expressed as mean ± SE, diff erent letters in column 
indicate statistically signifi cant diff erences (Tukey’s test, P < 0.05).
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mathematical models have been applied to arrive at 
a more accurate estimate at longer thermal intervals 
(Orang et al. 2014, Sandhu et al. 2010). However, 
in this study only a small thermal range (18 to 
30 °C) was evaluated, although it was sufficient 
to estimate, with good significance, the thermal 
constants and lower temperature thresholds. These 
can prove very useful for predictions in many 
studies (Malaquias et al. 2014, Moraes and Foerster 
2015). Therefore, in this study the linear model 
presented better adjustment for K and T0, while 
the nonlinear models estimated Topt and TL. Linear 
models complement information from nonlinear 
models and vice versa, since linear models rarely 
estimate Topt and TL, whereas nonlinear models do 
not always accurately estimate K e T0 (Koda and 
Nakamura 2012, Roltsch et al. 1990, Tofangsazi et 
al. 2012).

The base temperature or lower thermal 
threshold required for D. fovealis to develop its 
egg to adult cycle was estimated at 11.7 °C. The 
development of insects can be influenced by latitude, 
with the lower thermal threshold decreasing with 
increasing latitude. Populations of insects living in 
temperate regions have a lower base temperature 
(7.9 °C) than those living in subtropical (10.5 
°C) or tropical (13.7 °C) regions (Honek 1996). 
Therefore, the base temperature estimated in this 
study indicates that the D. fovealis populations of 
the Espírito Santo State are adapted to the regions 
that are between subtropical and tropical climate. 
Among species of the Crambidae family there 
seems to be no climate-related preference pattern. 
For example, Palpita nigropunctalis (Bremer) 
showed a base temperature of 6.8 °C (Gotoh et al. 
2011), Neoleucinodes elegantalis (Guenée) 8.8 °C 
(Moraes and Foerster 2015) and Herpetogramma 
phaeopteralis (Guenée) 13.1 °C (Tofangsazi et al. 
2012), indicating that Crambidae family is widely 
distributed among different latitudes.

In D. fovealis, adult longevity and survival 
from egg to adult were negatively influenced by 

the rise in temperature. A similar pattern was noted 
in Tuta absoluta (Lep.: Gelechiidae) (Krechemer 
and Foerster 2015) and N. elegantalis (Moraes and 
Foerster 2015), in which increased survival was 
seen in response to a temperature drop, implying 
a linear relationship. However, studies on Plutella 
xylostella (L.) (Lep.: Yponomeutidae) (Marchioro 
and Foerster 2011) and Helicoverpa armigera 
(Lep.: Noctuidae) (Mironidis and Savopoulou-
Soultani 2008) revealed a nonlinear survival 
pattern, with the use of more extreme temperatures, 
below 18 and above 30 °C. Insects subjected to 
such temperature conditions normally revealed 
a U-curved pattern, with greater mortality at the 
extreme temperatures and lower mortality within 
the curve, between 15 and 25 °C (Liu et al. 1995).

The annual generations of the European pepper 
moth ranged in number from 4.8 to 6.1 generations 
in the five strawberry-producing municipalities of 
Espírito Santo State. The small degree of variation 
resulted from the marginal difference in the average 
annual temperatures among the municipalities, 
which hovered in the range of 19.3 to 21.3 °C. A 
larger variation would be observed if the localities 
were located at distant latitudes. For N. elengatalis, 
10.9 annual generations were reported at latitude 
00°02’19’’N and 5.8 generations at 25°25’47’’S, 
a difference of roughly 25° distance (Moraes and 
Foerster 2015). However, the most geographically 
distant municipalities considered in this study are 
only 38 minutes away, such as Santa Maria de Jetibá 
(20°02’26’’S) and Vargem Alta (20°40’17’’S). 
Estimating the number of generations can facilitate 
the management of D. fovealis because it helps to 
predict the number of generations that can arise in 
a year, and more accurately within a given month. 
For instance, the largest number of generations 
was recorded between December and February, 
regardless of the municipality, indicating that even 
in these places identical population dynamics can 
be expected. However, there are other variables 
that have not been analyzed in the current study, 
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like diet (Tofangsazi et al. 2012), host plant (Jing et 
al. 2016), and estimation technique (Liu et al. 2015, 
Orang et al. 2014) may influence the development 
and number of generations and must be taken into 
account in the European pepper moth management 
programs.

Temperature changes directly affect insects and 
although this study was conducted using constant 
temperatures, the results obtained can be practically 
applied because D. fovealis is usually reported as 
a greenhouse pest, where controlled temperatures 
are the norm. The accurate assessments of the 
thermal requirements of D. fovealis can enable the 
prediction of population growth, revealing the best 
times for sampling the insects for monitoring, and 
whether such checks must be initiated or intensified. 
This will facilitate planning the phytosanitary pest 
management programs.
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