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Temperature-Dependent Development of Exorista larvarum (Diptera:
Tachinidae): An Efficient Candidate for Biological Pest Control
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ABSTRACT

Climatic conditions are the most important factor in the distribution and abundance of living
organisms, with temperature serving as a critical factor influencing the development of insect
pests and their natural enemies. Thermal models are a key component of modern integrated
pest management (IPM) systems. The Exorista larvarum (Linnaeus, 1758) (Diptera:
Tachinidae), a gregarious larval endoparasitoid, serves as a biocontrol agent against several
lepidopteran pests affecting both forest and agricultural ecosystems. To optimize the mass
rearing of E. larvarum and improve its application in IPM programs, the developmental times
of this parasitoid were investigated under seven constant temperatures (15-35 °C) in laboratory
conditions. We applied two linear and 26 nonlinear models to describe the temperature-
dependent development rate of E. larvarum. The lower temperature threshold (7o) and thermal
constant (K) were estimated to be 5.09 °C and 389.41 DD using the ordinary linear model and
9.73 °C and 292.74 DD using the Ikemoto model, respectively. Among the nonlinear models,
Performance-2, Beta, Janisch/Kontodimas, Analytis-1, and Analytis-3/Kontodimas were the
best models to describe the temperature-dependent development rate of the parasitoid. The
estimated 77 values by Performance-2 and Janisch/Kontodimas models were 33.2 and 31.4
°C, respectively, closely were the closest to Ty observed (32.5 °C). Our findings can help to
gain new and valuable insights into the biology of E. larvarum and provide essential
information that can be incorporated into forecasting models of this parasitoid.

Keywords: Biocontrol, degree day, developmental rate, temperature thresholds, tachinid fly.

INTRODUCTION

Understanding insect adaptation to climatic conditions is pivotal for effective pest
management (Bale ef al., 2002; Kang et al., 2009). Temperature is a critical climatic factor that
profound effects on the development of pests and their natural enemies. Consequently,

calculating temperature-dependent development and thermal requirements utilizing thermal
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models is important for creating forecast models. This practice not only facilitates the
comprehension of thermal adaptations among natural enemies but also their synchrony with
hosts. Thermal requirements, often utilized as a predictive basis, become integral components
in the strategic implementation of integrated pest management (IPM) systems (Haghani et al.,
2007a, b). Moreover, thermal requirements provide some essential information on the biology
of natural enemies, enhancing their effectiveness as biological control agents (Haghani et al.,
2009; Iranipour et al., 2010; Pakyari et al., 2011; Walker, 2011; Baek et al., 2014; Park et al.,
2016; Mirhosseini et al., 2018; Farazmand et al., 2020; Yazdanpanah et al., 2022).

While factors such as nutrition, humidity, temperature and photoperiod significantly
influence development rate and should be considered when applying predictive models
(Gillbert and Raworth, 1996), thermal traits may vary across species, populations, and
developmental stages (Honek, 1999), Nevertheless, laboratory-derived estimations of thermal
requirements remain valuable for identifying temperature ranges conducive to stable
population growth (Pilkington and Hoddle, 2006). This information is particularly useful for
identifying geographical areas where undesirable temperature circumstances may impede the
establishment of permanent populations of biological control agents (Hoelmer and Kirk, 2005).

Exorista larvarum (Linnaeus, 1758) (Diptera: Tachinidae), a polyphagous gregarious larval
endoparasitoid of Lepidoptera, is well known as an effective candidate for biological control
of forest and agricultural lepidopterous defoliators (Grenier, 1988; Cerretti and Tschorsnig,
2010; Benelli et al., 2017; Dindo and Nakamura, 2018). This parasitoid can be mass-produced,
and the availability of various mass-rearing techniques for this tachinid makes it a suitable
candidate for industrial-scale production and release against its host pests (Benelli et al., 2018).

An important step in the mass production of parasitoids under laboratory conditions and
their inundative release in the field, as well as a fundamental requirement for any biological
pest control program, involves evaluating the optimum temperature for the development of
parasitoids (Meirelles et al., 2015). Temperature, as one of the most important environmental
factors (Taylor, 1981; Gilbert and Ragworth, 1996; Gorji et al., 2008; Johnson ef al., 2016;
Amjad Bashir er al., 2022), significantly affects the abundance, distribution, immature
development, adult emergence, fecundity, longevity, and parasitism capability of parasitoids
(Liu et al., 2012). Also, temperature can be utilized in specifying optimal circumstances for
parasitoids, timing their release, forecasting the incidence of their host pests, knowledge of
temperature effects on pests or parasitoids, and their adjustment to climatic circumstances plays

a pivotal role in the success or failure of a biocontrol program (Agbodzavu et al., 2020; Moradi
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et al., 2023). Because of its importance relative to other environmental factors, temperature is
frequently used as input in mathematical models that are vigorous tools for describing the effect
of temperature on insect development and predicting their population growth potential
(Mirhosseini ef al., 2017). The application of thermal models promises for monitoring natural
enemies and to be invaluable in the implementation of pest management programs (Paes et al.,
2018; Sampaio et al., 2021; Malekera et al., 2022).

Currently, various linear and nonlinear models are usually utilized to calculate the
development of insect pests and natural enemies (Ranjbar aghdam et al., 2009; Mirhosseini et
al., 2018) and determine the relationship between temperature and their development rate
(Worner, 2008). The thermal constant (K), expressed in degree-days above the developmental
zero, represents the amount of physiological time required for an insect to complete its
development (Campbell ef al., 1974). This parameter can be estimated accurately using linear
models, which assume a constant rate of development within a specific temperature range.
However, because insect development deviates from linearity at temperature extremes—both
high and low—nonlinear models are essential for accurately determining the optimum
temperature for development and the upper thermal threshold. Thermal thresholds and
optimum temperature significantly impact the entire main life processes of poikilothermic
organisms due to the limitations imposed by temperature on their biological performance (Roy
etal.,2002).

Given the critical influence of temperature on the development and efficiency of natural
enemies, the present research aimed to assess the thermal requirements and developmental
responses of E. larvarum under constant temperatures. This exploration serves as a prerequisite
for the mass rearing and effective deployment of E. larvarum in biological control programs.
Although the only study that has previously examined the effect of temperature on the
biological parameters of E. larvarum is that by Simoes (2004), our research offers novel
insights by employing two linear models and several nonlinear models to evaluate the influence
of temperature on the development of this promising parasitoid. The results of this study could
be beneficial for designing an exhaustive program to manage different lepidopterous
defoliators in forest and agricultural systems, thereby enhancing the application of this

parasitoid in future IPM programs.
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MATERIALS AND METHODS
Insect Cultures

In 2019, a laboratory stock colony of E. larvarum was initially established using adults
reared from larvae and pupae of Hyphantria cunea Drury (Lepidoptera: Arctiidae). The host
material collected from forested areas in northern Iran, Guilan province, Rezvanshahr, Paresar,
Sandian (37°34'16.94" N, 49°7'27.30" E, 5 m a.s.l.). The emerged parasitoids were identified
using the key of Tschorsnig and Herting (1994), which is widely recognized for its reliability
in tachinid identification (Karami et al., 2023). To reduce inbreeding risk, we periodically
introduced field-collected individuals from wild populations into the colony during 2021. The
colony was maintained in the Entomology Laboratory of the Faculty of Agriculture, Tarbiat
Modares University, Tehran, using last-instar larvae of the greater wax moth, Galleria
mellonella Linnaeus (Lepidoptera: Pyralidae), as a factitious host for continuous rearing. This
developmental stage was chosen as the most suitable one for parasitism by E. larvarum
according to Mellini et al. (1993), and Dindo et al. (2003). The greater wax moth larvae were
reared on an artificial diet (Campadelli, 1987) at 30 = 1 °C, 65 + 5% RH and in total darkness.
This host is widely used in parasitoid rearing due to its proven suitability for development,
compatibility with low-moisture artificial diets that reduce contamination risk, and greater
convenience and safety compared to natural hosts (Campadelli, 1988; Mellini and Coulibaly,
1991; Delobel and Laviolette, 1969). The adults of parasitoid were maintained in clear and
cubic Plexiglas cages (30 x 30 x 30 cm, with 80—100 adults per cage) in a growth chamber at
26 £1 °C, 65 + 5% RH, and a photoperiod of 16: 8 (L: D) h. The adult tachinids were fed on
sugar cubes, cotton balls soaked in a honey and water solution (20% honey) and distilled water
in drinking cups with soaked cotton (Dindo et al., 1999; Dindo et al., 2007; Depalo et al., 2010;
Benelli et al., 2018; Dindo et al., 2019; Martini et al., 2019; Dindo et al., 2021). The sugar
cubes and drinking cups were changed weekly, but soaked cotton balls were renewed 4-5 times

per week.

Experimental Setup

To start the experiment, last instar larvae of G. mellonella were exposed within a cage to 5—
7 day-old mated females of E. larvarum (2-3 larvae per female), as females of this age exhibit
higher oviposition rates (Dindo ef al., 1999), and the parasitized larvae were removed from the
cage approximately one hour after exposure, once 4-5 eggs were laid on their body surface.

These larvae were then transferred individually into ventilated 0.2 ml micro tubes (This
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maintenance procedure minimizes dropping out eggs from the body surface of the larvae) and
placed at seven constant temperatures of 15, 20, 26, 30, 32.5, 34 and 35 + 1 °C, relative
humidity of 65 + 5% and a photoperiod of 16: 8 (L: D) h. in growth chambers. After 24 h., the
surplus eggs were removed, and only one egg was kept on the surface body of each larva, and
a total of 100 parasitized larvae were randomly selected as a cohort for each temperature. Each
parasitized larva was considered as a replicate. The remaining eggs development was checked
daily until the eggs hatched, upon egg eclosion and subsequent parasitoid larval penetration
into host larvae, the parasitized larvae were transferred individually into the transparent
cylindrical plastic containers (10 cm in diameter by 8 cm in height) with lots of small round
holes (1 mm diameter) in their lids for ventilation. These larvae were not provided with any
food throughout the experimental period. The subsequent stages were spent in these plastic
containers in the same conditions as above. To confirm the successful penetration of the newly
hatched parasitoid larvae and determine the duration and mortality of the immature stages of
E. larvarum, monitoring was carried out daily and the wax moth larvae were examined under

a stereomicroscope until the parasitoids reached adulthood.

Data Analysis and Thermal Modeling

Prior to analysis, the data were tested for normality and found to meet the assumptions of
parametric analysis. A one-way ANOVA was conducted to evaluate the effect of temperature
on the total developmental time of E. larvarum, using SPSS software (version 27.0). Mean
comparisons were performed using Tukey’s HSD test at a significance level of P < 0.05. To
describe the development rate of E. larvarum, we assessed the efficiency of two linear and 26
nonlinear models, utilizing ArthroThermoModel (ATM) software (Table 1) (Mirhosseini et al.,
2017).

Excluding temperature 34°C from data analysis due to being beyond the linear portion of
developmental rate and its elimination is essential for the accurate assessment of 7o (Ikemoto
and Takai, 2000), the linear models were used to estimate the lower temperature threshold (7o)
and thermal constant (K) of E. larvarum. Three criteria including Sum of Squared Error (SSE),
adjusted coefficient of determination (R?.4), and Akaike Information Criterion (4/C) (Table 1)
were used to assess the nonlinear models. All fitted nonlinear models were ranked using AIC,
as the best statistical criterion (Akaike, 1974), and the model(s) with the smallest value of this
parameter was considered the best model for describing the temperature-dependent

development of parasitoid.
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RESULTS

The parasitoid completed its development at all tested temperatures, with the exception of
35 °C. At this temperature, egg hatching failed, so starting the development experiments was
impossible. Temperature had a significant effect on total developmental time of E. larvarum
(F= 4410.778; df= 5, 313; P<0.001). The mean total developmental time decreased until
reaching 32.5 °C, after which it increased at 34 °C (Table 2). Individuals reared at 15 °C had
the longest total developmental time. In contrast, those reared at the temperature range of 20—
34 °C showed a significantly shorter total developmental time, ranging from 23.04 to 15.33
days, respectively (Table 2).

The relationship between temperature and the parasitoid developmental rate was described
using various linear and nonlinear thermal models. Table 3 shows the estimated thermal
constant (K) and lower temperature threshold (7o) values for the immature stages of E.
larvarum utilizing two linear models. The ordinary model produced a higher thermal constant
estimate and a lower Ty estimate compared to the Ikemoto model. Additionally, the Ikemoto
model exhibited a higher 7,4 than the other linear model, indicating a slightly greater
confidence in the parameter estimates provided by this model.

The nonlinear models for the total developmental time of E. larvarum were assessed and
ranked by AIC criterion (Table 4). According to A/C rankings, the Performance-2, Beta,
Janisch/Kontodimas, Analytis-1 and Analytis 3/Kontodimas models provided more accurate
descriptions of the temperature-dependent developmental rates of E. /arvarum total immature
stages compared to others (Table 5).

The lower temperature threshold (7)) for the total immature stages of the parasitoid was
estimated using the Beta nonlinear model, yielding a result consistent with that obtained from
the Ikemoto linear model. On the other hand, the low temperature thresholds estimated by
Analytis-1 and Analytis-3/Kontodimas were approximately equivalent to the estimate provided
by the ordinary linear model. The maximum value of this parameter was estimated by the
Performance-2 nonlinear model.

The upper temperature threshold (7ax) values were overestimated, and none of the above-
mentioned nonlinear models did not offer a realistic and precise estimate of this crucial
temperature. The Tiuax values estimated by these models for total immature stages were between
43 and 45 °C, which are higher than the observed data because eggs were not able to hatch at
35 °C.
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In Table 5, the observed development time was compared to the development time estimated
by the five best nonlinear models at six constant temperatures. Notable point in this comparison
is the clear proximity between the estimated and observed development time values. Figures 1
and 3 illustrate the relationship between temperature and the developmental rate of total
immature stages of E. larvarum, as modeled by the ordinary linear model and the five best
nonlinear models, respectively. Additionally, Figure 2 presents the effect of temperature on the
developmental time of total immature stages of E. larvarum based on the Ikemoto linear model.

Fastest developmental temperature (77s) values calculated by fitted nonlinear models for E.
larvarum are displayed in Table 6. The estimated 7} values derived from the Performance-2

and Janisch/Kontodimas models were in close accordance with the observed .

DISCUSSION

To the best of our knowledge, no previous studies have estimated the thermal requirements
for the immature E. larvarum development. Therefore, our findings provide fundamental
information on the biology of this parasitoid which will result in its more successful application
as an efficient biocontrol agent against different lepidopterous defoliators in both forest and
agricultural ecosystems.

In this study, development was observed across all temperatures except at 35 °C, showing
that this temperature lies beyond the conductive range for the development of E. larvarum.
Combining calculates from both linear and nonlinear models offered an accurate prediction of
the first appearance of E. larvarum adults in forest and agricultural ecosystems. This analysis
revealed that this parasitoid could develop within a temperature range of 15-34°C, a favorable
feature for its potential role as a biological control agent in management programs. The
extensive geographic distribution of E. larvarum across various provinces of Iran, each with
diverse climatic conditions, is a clear witness of this claim (Modarres Awal, 1994; Karimpour
et al., 2005; Saeidi, 2011; Ghahari, 2017; Karami et al., 2023).

The results obtained demonstrated a significant impact of temperature on the developmental
time of this parasitoid. The duration of total immature stages exhibited a negative correlation
with temperature up to 32.5 °C, and then increased. Conversely, the development rate increases
as the temperature rises, reaching its peak and subsequently declining to zero at the upper

temperature threshold (7v) (Mirhosseini et al., 2017).
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The assessment of temperature thresholds and thermal constants for the development of
natural enemies can considerably contribute to the choice of the most appropriate natural
enemy to be utilized in various environmental circumstances (Perdikis and Lykouressis, 2002).

The observed linear relationship between temperature and the development rate of E.
larvarum across thel5-32.5 °C range indicates strong thermal dependence in the biology of
this parasitoid. Estimation of the lower temperature threshold (7o) and the thermal constant (K)
using both the ordinary and Ikemoto linear models confirmed this trend. However, the Ikemoto
mode demonstrated greater accuracy as evidenced by a higher R?.4 coefficient, for modeling
temperature-dependent development in this species. These findings align with previous studies
on other natural enemies, where the lkemoto model often provides a better predictive
performance (Aghdam et al., 2009; Jafari et al., 2022). The reliable estimation of 7y and K are
essential for predicting field development rates and optimizing mass-rearing or biological
control strategies under varying thermal conditions.

The value of the lower temperature threshold (7o) for the E. larvarum immature stages was
found to be 9.7 °C using the Ikemoto model which was in agreement with Foerster and Doetzer
(2002) who reported 9.3 °C as a lower threshold temperature from eggs to adulthood for another
tachinid, Peleteria robusta (Wiedman). Lower values for the low temperature threshold were
estimated by Walker (2011) and Park et al. (2016) for Chaetophthalmus dorsalis (Malloch)
(7.3 and 7.4 °C for females and males, respectively) and Exorista japonica (Townsend, 1909)
(7.8 °C), respectively. The thermal constant calculated with the Ikemoto linear model for total
development of E. larvarum (292.7 DD) was lower than previously reported values for other
tachinid flies: E. japonica (370.4 DD) (Park et al., 2016), P. robusta (457.5 DD) (Foerster and
Doetzer, 2002), and C. dorsalis (366.7 and 333.3 DD for females and males, respectively)
(Walker, 2011). The differences among their results and our reports may be due to the
difference in the host and parasitoid species, the difference in rearing techniques and
experimental conditions, along with differences in data analysis procedure.

The temperature maximizing developmental rate, commonly termed the fastest
developmental temperature (77.s), may not necessarily align with the temperature that
maximizes overall population fitness, as the benefits of accelerated development may be
counterbalanced by increased mortality rates. In the present study, the maximum
developmental rate was recorded at 32.5 °C among all examined temperatures, and can be
intended as the observed fastest developmental temperature. Some of the nonlinear models can

be applied directly to calculate 7 (Kontodimas et al., 2004; Mojib-Haghghadam et al., 2019).
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The T values calculated by Performance-2 and Janisch/Kontodimas for the parasitoid
immature stages were 33.2 °C and 31.4 °C, respectively. These two models appear to offer
realistic values of Ty compared with other models. In other words, 7y denotes the
temperature at which the developmental rate reaches its maximum and the developmental time
is minimized (Moallem et al., 2017; Shamakhi et al., 2018). From a biological control
perspective, a shorter pre-adult period is considered advantageous for agents such as
parasitoids, as it reduces generation time and can enhance population growth potential. This
trait is particularly valuable for improving the efficiency and rapid establishment of parasitoid
populations in the field (Milenovic et al., 2023; Wyckhuys et al., 2024).

To choose the best nonlinear model(s) for describing temperature-dependent developmental
rates of E. larvarum total immature stages, the adjusted R? (R?.q), Akaike Information Criterion
(4IC), and estimated temperature-related biological parameters (Akaike, 1974; Kvalseth, 1985;
Kontodimas et al., 2004) were used. As the best statistical criterion to validate models, the
lowest value of A7C was used to rank the fitted nonlinear models (Akaike, 1974; Larranaga and
Bielza, 2014). Moreover, the nonlinear models are frequently verified by observed
developmental data and biological criteria (Zahiri et al., 2010; Soltani Orang et al., 2014;
Aghdam and Nemati, 2020; Yazdanpanah et al., 2022). In the present research, the observed
development time was compared to the estimated development time because a usual manner
for evaluating the precision of calculated crucial temperatures is according to their comparison
with experimental data (Kontodimas et al., 2004). Notable point in this comparison is a clear-
cut close between the estimated development time values and the observed development time
values, from which, it can be concluded that the values estimated by these models are accurate
and reliable to a large extent. According to our findings, the nonlinear Performance-2, Beta,
Janisch/Kontodimas, Analytis-1, and Analytis 3/Kontodimas models best described the
developmental rate of E. larvarum. The calculated 7.5 by Performance-2 model was similar to
the observed Ty (32.5 °C).

In conclusion, the results demonstrated that E. larvarum could be an effective biocontrol agent
in forest and agricultural ecosystems over a vast range of temperatures. Evidently, parameters
calculated in the present research were derived in the laboratory under totally determined
climatic circumstances, despite the reality that parasitoids are subjected to more complicated
and oscillating circumstances in their natural environment. However, results from this study

can offer a starting point for extending a model that could be employed to the Iranian population
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of E. larvarum and if they to be applied in association with other ecological data can be

invaluable in the development and implementation of pest management programs.

ACKNOWLEDGEMENTS
Thanks are due to the Department of Entomology, Tarbiat Modares University for providing
financial support for this study.

REFERENCES

Agbodzavu, M. K., Osiemo-Lagat, Z., Gikungu, M., Ekesi, S. and Fiaboe, K. K. M. 2020.
Temperature-dependent development, survival and reproduction of Apanteles hemara (Nixon)
(Hymenoptera: Braconidae) on Spoladea recurvalis (F.) (Lepidoptera: Crambidae). Bull.
Entomol. Res., 110(5): 577-587.

Aghdam, H. R. and Nemati, Z. 2020. Modeling of the effect of temperature on developmental
rate of common green lacewing, Chrysoperla carnea (Steph.) (Neuroptera: Chrysopidae).
Egypt. J. Biol. Pest. Control, 30: 1-10.

Aghdam, H. R., Fathipour, Y., Radjabi, G. and Rezapanah, M. 2009. Temperature-dependent
development and temperature thresholds of codling moth (Lepidoptera: Tortricidae) in Iran.
Environ. Entomol., 38(3): 885-895.

Akaike, H. 1974. A new look at the statistical model identification. IEEE. Trans. Autom.
Control., 19: 716-723.

Allahyari, H. 2005. Decision making with degree-day in control program of Colorado potato
beetle. Ph.D. University of Tehran, Tehran, Iran.

Amjad Bashir, M., Batool, M., Khan, H., Shahid Nisar, M., Farooq, H., Hashem, M., Alamri,
S., A. El-Zohri, M., Alajmi, R.A., Tahir, M. and Jawad, R. 2022. Effect of temperature and
humdity on population dynamics of insects’ pest complex of cotton crop. Plos One., 17(5): 1-
14.

Analytis, S. 1977. Uber die relation zwischen biologischer entwicklung und temperatur bei
phytopathogenen Pilzen. J. Phytopathol., 90: 64-76.

Analytis, S. 1980. Obtaining of sub-models for modeling the entire life cycle of a pathogen. J.
Plant Dis. Protec., 87: 371-382.

Baek, S., Son, Y. and Park, Y. L. 2014. Temperature-dependent development and survival of
Podisus maculiventris (Hemiptera: Pentatomidae): implications for mass rearing and biological

control. J. Pest. Sci., 87: 331-340.

10



32510.
326
327
328
329
33011.
331
332
33312.
334
33513.
336
33714.
338
33915.
340
341
34216.
343
34417.
345
34618.
347
34819.
349
35020.
351
352
35321.
354
355
35622.
357

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Bale, J. S., Masters, G. J., Hodkinson, I. D., Awmack, C., Bezemer, T. M., Brown, V. K.,
Butterfield, J., Buse, A., Coulson, J. C., Farrar, J., Good, J. E. G., Harrington, R., Hartley, S.,
Jones, T. H., Lindroth, R. L., Press, M. C., Symrnioudis, I., Watt, A. D. and Whittaker, J. B.
2002. Herbivory in global climate change research: direct effects of rising temperature on insect
herbivores. Glob. Change. Biol., 8: 1-16.

Benelli, M., Marchetti, E. and Dindo, M. L. 2017. Effects of storage at suboptimal temperatures
on the in vitro-reared parasitoid Exorista larvarum (Diptera: Tachinidae). J. Econ. Entomol.,
110: 1476-1482.

Benelli, M., Toth, F. and Dindo, M. L. 2018. Low-temperature storage of Exorista larvarum
puparia as a tool for assisting parasitoid production. Entomol. Exp. Appl., 166: 914-924.
Briere, J. F., Pracros, P., Le Roux, A. Y. and Pierre, J. S. 1999. A novel rate model of
temperature-dependent development for arthropods. Environ. Entomol., 28: 22-29.

Campbell, A., Frazer, B. D., Gilbert, N., Gutierrez, A. P. and Mackauer, M. 1974. Temperature
requirement of some aphids and their parasites. J. Appl. Ecol., 11: 431-438.

Campadelli, G. 1987. Effetti della bassa temperatura sulla coppia ospite-parassita Galleria
mellonella L., Pseudogonia rufifrons Wied. Boll. Ist. Entomol. "Guido Grandi"” Stud. Bologna.,
41: 29-49.

Campadelli, G. 1988. Galleria mellonella L. quale ospite di sostituzione per i parassitoidi. Boll.
Ist. Entomol. Univ. Bologna., 42: 47-65.

Cerretti, P. and Tschorsnig, H. P. 2010. Annotated host catalogue for the Tachinidae (Diptera)
of Italy. Stuttg. Beitr. Naturkd. 4., 3: 305-340.

Davidson, J. 1942. On the speed of development of insect eggs at constant temperatures. Aust.
J. Exp. Biol. Med. Sci., 20: 233-239.

Davidson, J. 1944. On the relationship between temperature and rate of development of insects
at constant temperatures. J. Anim. Ecol., 13: 26-38.

Delobel, B. and Laviolette, P. 1969. Elevage de Phryxe caudata Rond. (Larvaevoridae) parasite
de Thaumetopoea pityocampa Schiff. sur un hote de remplacement Galleria mellonella. C. R.
Acad. Sci., 268: 2436-2438.

Depalo, L., Marchetti, E., Baronio, P., Martini, A. and Dindo, M. L. 2010. Location, acceptance
and suitability of Spodoptera littoralis and Galleria mellonella as hosts for the parasitoid
Exorista larvarum. Bull. Insectology., 63(1): 65-69.

Dindo, M. L. and Nakamura, S. 2018. Oviposition strategies of tachinid parasitoids: two

Exorista species as case studies. Int. J. Insect. Sci., 10: 1-6.

11



35823.
359
360
36124.
362
36325.
364
36526.
366
367
36827.
369
370
37128.
372
373
37429.
375
376
37730.
378
37931.
380
38132.
382
383
38433.
385
38634.
387
388

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Dindo, M. L., Farneti, R., Scapolatempo, M. and Gardenghi, G. 1999. In Vitro Rearing of the
Parasitoid Exorista larvarum (L.) (Diptera: Tachinidae) on Meat Homogenate-based Diets.
Biol. Control, 16: 258-266.

Dindo, M. L., Marchetti, E., Galvagni, G. and Baronio, P. 2003. Rearing of Exorista larvarum
(Diptera Tachinidae): simplification of the in vitro technique. Bull. Insectol., 56: 253-258.
Dindo, M. L., Marchetti, E. and Baronio, P. 2007. In vitro rearing of the parasitoid Exorista
larvarum (Diptera: Tachinidae) from eggs laid out of host. J. Econ. Entomol., 100(1): 26-30.
Dindo, M. L., Rezaei, M. and De Clercq, P. 2019. Improvements in the rearing of the tachinid
parasitoid Exorista larvarum (Diptera: Tachinidae): influence of adult food on female
longevity and reproduction capacity. J. Insect Sci., 19(2): 6.

Dindo, M. L., Modesto, M., Rossi, C., Di Vito, M., Burgio, G., Barbanti, L. and Mattarelli, P.
2021. Monarda fistulosa hydrolate as antimicrobial agent in artificial media for the in vitro
rearing of the tachinid parasitoid Exorista larvarum. Entomol. Exp. Appl., 169(1): 79-89.
Farazmand, A., Amir-Maafi, M. and Atlihan, R. 2020. Temperature-dependent development
of Amblyseius swirskii (Acari: Phytoseiidae) on Tetranychus urticae (Acari: Tetranychidae).
Syst. Appl. Acarol., 25(3): 538-547.

Foerster, L. A. and Doetzer, A. K. 2002. Host instar preference of Peleteria robusta (Wiedman)
(Diptera: Tachinidae) and development in relation to temperature. Neotrop. Entomol., 31: 405-
4009.

Ghahari, H. 2017. Study of species diversity of parasitoids in the rice fields of northern Iran
with emphasis on rice stem borer parasitoids. J. Anim. Ecol., 9(4): 289-298. [In Persian]
Gilbert, N. and Raworth, D. A. 1996. Insects and temperature—a general theory. Can.
Entomol., 128: 1-13.

Gorji, M. K., Kamali, K., Fathipour, Y. and Aghdam, H. R. 2008. Temperature-dependent
development of Phytoseius plumifer (Acari: Phytoseiidae) on Tetranychus urticae (Acari:
Tetranychidae). Syst. Appl. Acarol., 13(3): 172-181.

Grenier, S. 1988. Applied biological control with Tachinid flies (Diptera, Tachinidae): a
review. Anz. Schad. Pflanz. Umwelts., 61: 49-56.

Haghani, M., Fathipour, Y., Talebi, A. A. and Baniameri, V. 2007a. Thermal requirement and
development of Liriomyza sativae (Diptera: Agromyzidae) on cucumber. J. Econ. Entomol.,

100: 350-356.

12



38935.
390
391
39236.
393
394
395
39637.
397
39838.
399
40039.
401
402
40340.
404
40541.
406
40742.
408
40943,
410
411
41244,
413
414
41545.
416
417
41846.
419
42047.
421

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Haghani, M., Fathipour, Y., Talebi, A. A. and Baniameri, V. 2007b. Temperature-dependent
development of Diglyphus isaea (Hymenoptera: Eulophidae) on Liriomyza sativae (Diptera:
Agromyzidae) on cucumber. J. Pest. Sci., 80: 71-77.

Haghani, M., Fathipour, Y., Talebi, A. A. and Baniameri, V. 2009. Estimating development
rate and thermal requirements of Hemiptarsenus zilahisebessi (Hymenoptera: Eulophidae)
parasitoid of Liriomyza sativae (Diptera: Agromyzidae) using linear and nonlinear models. Pol.
J. Entomol., 78: 3-14.

Harcourt, D. and Yee, J. 1982. Polynomial algorithm for predicting the duration of insect life
stages. Environ. Entomol., 11: 581-584.

Hilbert, D. and Logan, J. 1983. Empirical model of nymphal development for the migratory
grasshopper, Melanoplus sanguinipes (Orthoptera: Acrididae). Environ. Entomol., 12: 1-5.
Hoelmer, K. A. and Kirk, A. A. 2005. Selecting arthropod biological control agents against
arthropod pests: can the science be improved to decrease the risk of releasing ineffective
agents?. Biol. Control., 34: 255-264.

Honek, A. 1999. Constraints on thermal requirements for insect development. J. Entomol. Sci.,
2: 615-621.

Ikemoto, T. 2005. Intrinsic optimum temperature for development of insects and mites.
Environ. Entomol., 34: 1377-1387.

Ikemoto, T. 2008. Tropical malaria does not mean hot environments. J. Med. Entomol., 45:
963-969.

Ikemoto, T. and Takai, K. 2000. A new linearized formula for the law of total effective
temperature and the evaluation of line-fitting methods with both variables subject to error.
Environ. Entomol., 29: 671-682.

Iranipour, S., Bonab, Z. N. and Michaud, J. P. 2010. Thermal requirements of Trissolcus
grandis (Hymenoptera: Scelionidae), an egg parasitoid of sunn pest. Eur. J. Entomol., 107: 47-
53.

Jafari, M., Goldasteh, S., Aghdam, H. R., Zamani, A. A., Soleyman-Nejadian, E. and
Schausberger, P. 2022. Modeling thermal developmental trajectories and thermal requirements
of the ladybird Stethorus gilvifrons. Insects, 14(1): 11.

Janisch, E. 1932. The influence of temperature on the life-history of insects. Roy. Entomol. Soc.
London., 80: 137-168.

Johnson, C. A., Coutinho, R. M., Berlin, E., Dolphin, K. E., Heyer, J., Kim, B., Leung, A.,

Sabellon, J. L. and Amarasekare, P. 2016. Effects of temperature and resource variation on

13



422
423
42448.
425
42649.
427
428
42950.
430
431
43251.
433
434
435
436
43752.
43853.
439
44054.
441
442
44355.
444
445
44656.
447
44857.
449
450
451
45258.
453
454

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

insect population dynamics: the bordered plant bug as a case study. Funct. Ecol., 30(7): 1122-
1131.

Kang, L., Chen, B., Wei, J. N. and Liu, T. X. 2009. Roles of thermal adaptation and chemical
ecology in Liriomyza distribution and control. Annu. Rev. Entomol., 54(1): 127-145.

Karami, A., Talebi, A. A., Gilasian, E., Fathipour, Y. and Mehrabadi, M. 2023. Native
parasitoids of the fall webworm, Hyphantria cunea (Lepidoptera: Erebidae), an invasive alien
pest in northern Iran. J. Insect. Biodivers. Syst., 9: 81-101.

Karimpour, Y., Fathipour, Y., Talebi, A. A. and Moharramipour, S. 2005. Biology of leafy
spurge defoliator moth Simyra dentinosa (Lep., Noctuidae) and determination of its parasitoids
in Orumieh, Iran. Iranian. J. Agric. Sci., 36: 475—484. [in Persian with Enligh abstract]
Kontodimas, D. C., Eliopoulos, P. A., Stathas, G. J. and Economou, L. P. 2004. Comparative
temperature-dependent development of Nephus includens (Kirsch) and Nephus bisignatus
(Boheman) (Coleoptera: Coccinellidae) preying on Planococcus citri (Risso) (Homoptera:
Pseudococcidae): evaluation of a linear and various nonlinear models using specific criteria.
Environ. Entomol., 33: 1-11.

Kvalseth, T. O. 1985. Cautionary note about R 2. Am. Stat., 39: 279-285.

Lactin, D. J., Holliday, N. J., Johnson, D. L. and Craigen, R. 1995. Improved rate of
temperature—dependent development by arthropods. Environ. Entomol., 24: 68-75.
Larranaga, P. and Bielza, C. 2014. Akaike Information Criterion. In: “Dictionary of
Bioinformatics and Computational Biology”, (Eds.): Hancock, J. M. and Zvelebil, M. J. John
Wiley & Sons Ltd., 636 p.

Liu, C. Y., Chen, K. W. and Zeng, L. 2012. Effects of temperature on the development and
fecundity of Diachasmimorpha longicaudata (Ashmead). Ying Yong Sheng tai xue bao= J.
Appl. Ecol., 23: 3051-3056.

Logan, J., Wollkind, D., Hoyt, S. and Tanigoshi, L. 1976. An analytic model for description of
temperature dependent rate phenomena in arthropods. Environ. Entomol., 5: 1133—1140.
Malekera, M. J., Acharya, R., Mostafiz, M. M., Hwang, H. S., Bhusal, N. and Lee, K. Y. 2022.
Temperature-dependent development models describing the effects of temperature on the
development of the fall armyworm Spodoptera frugiperda (JE Smith) (Lepidoptera:
Noctuidae). Insects., 13(12): 1084.

Martini, A., Di Vitantonio, C. and Dindo, M. L. 2019. Acceptance and suitability of the box
tree moth Cydalima perspectalis as host for the tachinid parasitoid Exorista larvarum. Bull.

Insectology., 72(1): 150-160.

14



45559.
456
457
458
45960.
460
461
46261.
463
464
46562.
466
467
46863.
469
470
47164.
472
473
47465.
475
476
47766.
478
47967.
480
481
482
48368.
484
485

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Meirelles, R. N., Redaelli, L. R. and Ourique, C. B. 2015. Thermal requirements and annual
number of generations of Diachasmimorpha longicaudata (Hymenoptera: Braconidae) reared
in the South American fruit fly and the Mediterranean fruit fly (Diptera: Tephritidae). Fla.
Entomol., 98: 1223-1226.

Mellini, E. and Coulibaly, A. K. 1991. Un decennio di sperimentazione sul sistema ospite—
parassita Galleria mellonella L., Pseudogonia rufifrons Wied.: sintesi dei risultati. Boll. Ist.
Entomol. "Guido Grandi" Univ. Bologna., 45: 191-249.

Mellini, E., Campadelli, G. and Dindo, M. L. 1993. Artificial culture of the parasitoid Exorista
larvarum (L.) (Dipt. Tachinidae) on bovine serum-based diets. Boll. Ist. Ent. "Guido Grandi"
Univ. Studi Bologna., 47: 223-231.

Milenovic, M., Ripamonti, M., Eickermann, M., Rapisarda, C. and Junk, J. 2023. Changes in
longevity, parasitization rate and development time of the whitefly parasitoid Encarsia formosa
under future climate conditions. Biol. Control, 186 (1): 105354.

Mirhosseini, M. A., Fathipour, Y. and Reddy, G. V. 2017. Arthropod development’s response
to temperature: a review and new software for modeling. Ann. Entomol. Soc. Am., 110: 507-
520.

Mirhosseini, M. A., Fathipour, Y., Soufbaf, M. and Reddy, G. V. 2018. Thermal requirements
and development response to constant temperatures by Nesidiocoris tenuis (Hemiptera:
Miridae), and implications for biological control. Environ. Entomol., 47: 467-476.

Moallem, Z., Karimi-Malati, A., Sahragard, A. and Zibaee, A. 2017. Modeling temperature-
dependent development of Glyphodes pyloalis (Lepidoptera: Pyralidae). J. insect sci., 17(1):
37.

Modarres Awal, M. 1994. List of Agricultural Pests and their Natural Enemies in Iran.
Ferdowsi University of Mashhad Press. 364 PP.

Mojib-Haghghadam, Z., Sendi, J. J., Zibaee, A., Mohaghegh, J. and Karimi-Malati, A. 2019.
Modeling temperature-dependent development and demography of Adalia decempunctata L.
(Coleoptera: Coccinellidae) reared on Aphis gossypii (Glover) (Homoptera: Aphididae). J.
Plant. Prot. Res., 59: 229-243,

Moradi, F., Rahimi, A., Sadeghi, A., Fathipour, Y. and Maroufpoor, M. 2023. Modeling linear
and nonlinear relationship between temperature and development rate of Amblyseuis swirskii

(Acari: Phytoseiidae). Syst. Appl. Acarol., 28(6): 1121-1136.

15



48669.
487
488
48970.
490
491
49271.
493
494
49572.
496
497
49873.
499
500
501
50274.
503
50475.
505
506
50776.
508
50977.
510
511
51278.
513
51479.
515
516

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Paes, J. P., Lima, V. L., Pratissoli, D., Carvalho, J. R., Pirovani, V. D. and Bueno, R. C. 2018.
Thermal requirements, development and number of generations of Duponchelia fovealis
(Zeller) (Lepidoptera: Crambidae). An. Acad. Bras. Ciénc., 90: 2447-2457.

Pakyari, H., Fathipour, Y. and Enkegaard, A. 2011. Estimating development and temperature
thresholds of Scolothrips longicornis (Thysanoptera: Thripidae) on eggs of two-spotted spider
mite using linear and nonlinear models. J. Pest. Sci., 84: 153-163.

Park, C. G., Seo, B. Y. and Choi, B. R. 2016. The temperature-dependent development of the
parasitoid fly, Exorista Japonica (Townsend) (Diptera: Tachinidae). Korean. J. Appl.
Entomol., 55: 445-452.

Perdikis, D. C. and Lykouressis, D. P. 2002. Thermal requirements for development of the
polyphagous predator Macrolophus pygmaeus (Hemiptera: Miridae). Environ. Entomol., 31:
661-667.

Pilkington, L. J. and Hoddle, M. S. 2006. Use of life table statistics and degree-day values to
predict the invasion success of Gonatocerus ashmeadi (Hymenoptera: Mymaridae), an egg
parasitoid of Homalodisca coagulata (Hemiptera: Cicadellidae), in California. Biol. Control.,
37:276-283.

Pradhan, S. 1945. Insect population studies. II. Rate of insect development under variable
temperature of the field. Proc. Nat. Inst. Sci. India., 11: 74-80.

Ratkowsky, D., Lowry, R., McMeekin, T., Stokes, A. and Chandler, R. 1983. Model for
bacterial culture growth rate throughout the entire biokinetic temperature range. J. Bacteriol.,
154: 1222-1226.

Rochat, J. and Gutierrez, A. P. 2001. Weather-mediated regulation of olive scale by two
parasitoids. J. Anim. Ecol., 70: 476—490.

Roy, M., Brodeur, J. and Cloutier, C. 2002. Relationship between temperature and
developmental rate of Stethorus punctillum (Coleoptera: Coccinellidae) and its prey
Tetranychus mcdanieli (Acarina: Tetranychidae). Environ. Entomol., 31: 177-187.

Saeidi, K. 2011. Preliminary studies on natural enemies of the gypsy moth, Lymantria dispar
(L.) (Lepidoptera: Lymantriidae) in Yasooj, Iran. Int. Res. J. Agric. Sci. Soil. Sci., 1: 151-156.
Sampaio, F., Krechemer, F. S. and Marchioro, C. A. 2021. Temperature-dependent
development models describing the effects of temperature on the development of Spodoptera

eridania. Pest Manag. Sci., 77(2): 919-929.

16



51780.
518
519
52081.
521
522
52382.
524
52583.
526
52784.
528
529
53085.
531
532
53386.
53487.
535
536
53788.
538
539
54089.
541
54290.
543
54491.
545
546
547
548

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

Schoolfield, R., Sharpe, P. and Magnuson, C. 1981. Non-linear regression of biological
temperature-dependent rate models based on absolute reactionrate theory. J. Theor. Biol., 88:
719-731.

Shamakhi, L., Zibaee, A., Karimi-Malati, A. and Hoda, H. 2018. A laboratory study on the
modeling of temperature-dependent development and antioxidant system of Chilo suppressalis
(Lepidoptera: Crambidae). J. Insect Sci., 18(2): 1-11.

Sharpe, P. J. and DeMichele, D. W. 1977. Reaction kinetics of poikilotherm development. J.
Theor. Biol., 64: 649-670.

Shi, P., Ge, F., Sun, Y. and Chen, C. 2011. A simple model for describing the effect of
temperature on insect developmental rate. J. Asia. Pac. Entomol., 14: 15-20.

SIMOES, A. M. A., Dindo, M. L. and Grenier, S. 2004. Development and yields of the tachinid
Exorista larvarum in three common Noctuidae of Azores Archipelago and in a laboratory host.
Bull. Insectol., 57: 145-150

Soltani Orang, F., Ranjbar Aghdam, H., Abbasipour, H. and Askarianzadeh, A. 2014. Effect of
temperature on developmental rate of Sesamia cretica (Lepidoptera: Noctuidae) immature
stages. J. Insect Sci., 14(1): 197.

Taylor, F. 1981. Ecology and evolution of physiological time in insects. Am. Nat., 117: 1-23.
Tschorsnig, H. P. and Herting, B. 1994. Die Raupenfliegen (Diptera: Tachinidae)
Mitteleuropas: Bestimmungstabellen und Angaben zur Verbreitung und Okologie der
einzelnen Arten. Stuttg. Beitr. Naturkd., 506: 1-170. [In German]|

Walker, P. W. 2011. Biology and development of Chaetophthalmus dorsalis (Malloch)
(Diptera: Tachinidae) parasitising Helicoverpa armigera (Hiibner) and H. punctigera
Wallengren (Lepidoptera: Noctuidae) larvae in the laboratory. Aust. J. Entomol., 50: 309-318.
Wang, R., Lan, Z. and Ding, Y. 1982. Studies on mathematical models of the relationship
between insect development and temperature. Acta Ecol. Sinica., 2: 47-57.

Worner, S. P. 2008. Bioclimatic models in entomology. In: “Encyclopedia of entomology”,
(Ed.): Capinera, J. L. Springer, Dordrecht, the Netherlands, PP. 476-481.

Wyckhuys, K. A. G., Akutse, K. S., Amalin, D. M., Araj, S. E., Barrera, G., Beltran, M., J. B.,
Ben Fekih, 1., Calatayud, P. A., Cicero, L., Cokola, M. C., Colmenarez, Y. C., Dessauvages,
K., Dubois, T., Durocher-Granger, L., Espinel, C., Fallet, P., Ferndndez-Triana, J. L., Francis,
F. and Hadi, B. A. R.2024. Global scientific progress and shortfalls in biological control of the
fall armyworm Spodoptera frugiperda. Biological Control, 191, 105460.

17



Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

54992. Yazdanpanah, S., Fathipour, Y., Riahi, E. and Zalucki, M. P. 2022. Modeling temperature-
550 dependent development rate of Neoseiulus cucumeris (Acari: Phytoseiidae) fed on two
551  alternative diets. Environ. Entomol., 51: 145-152.

55293. Yin, X., Kropff, M. J., McLaren, G. and Visperas, R. M. 1995. A nonlinear model for crop
553  development as a function of temperature. Agric. For. Meteorol., 77: 1-16.

55494, Zahiri, B., Fathipour, Y., Khanjani, M., Moharramipour, S. and Zalucki, M. P. 2010.
555  Preimaginal development response to constant temperatures in Hypera postica (Coleoptera:
556  Curculionidae): picking the best model. Environ. Entomol., 39: 177-189.

557

558

559

560

561

562

563

564

565

566

567

568

569

18



Journal of Agricultural Science and Technology (JAST), 28(5)

In Press, Pre-Proof Version

Table 1. Linear and nonlinear models for fitting to the development rate of Exorista larvarum as a function of temperature.

Model

Reference

Ordinary linear model
Ikemoto linear model
Pradhan-Taylor

Davidsons logistic
Logan-6

Hilbert and Logan

Lactin-1

Lactin-2

Logan-10

Analytis-1

Analytis-2
Analytis-1/Allahyari
Analytis-3

Briere-1

Briere-2

Analytis-3/Kontodimas
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(Campbell et al. 1974)
(Ikemoto and Takai 2000)
(Pradhan 1945, Taylor 1981)

(Davidson 1942, 1944)
(Logan et al. 1976)

(Hilbert and Logan 1983)

(Lactin et al. 1995)

(Lactin et al. 1995)

(Logan et al. 1976)

(Analytis 1977, 1980)

(Analytis 1977, 1980)

(Allahyari 2005, Zahiri et al.2010)
(Analytis 1977, 1980)

(Briere et al. 1999)

(Briere et al. 1999)

(Kontodimas et al. 2004)
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Janisch/Kontodimas 2 (Janisch 1932, Kontodimaset al.
R(T) 2004)

" DK(T — T ypy) 2T~ Tor)

min

Janisch/Rochat 2¢ (Rochat and Gutierrez 2001)
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Sh _ . and T exp(a— b/T) (Kontodimas et al. 2004)
DeMichele/Kontodimas R(T) = T+exp(c—d/T) +exp(f — g/T)
Polynomial (cubic) R(T) = aoT? + a,T? + a,T + as (Harcourt and Yee 1982)
SSI model T AH, 1 1 (Ikemoto 2005, 2008)
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Performance-1 (Shi et al. 2011)
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Performance-2 (Shietal. 2011)
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T = Temperature, R = Development rate, D = Development time, 7y = Lower temperature threshold, 7y = Upper temperature threshold,
T,p = Optimum temperature (equals 7y in the text). Other notations are model constants. For more details on the concepts of the
parameters see Mirhosseini et al. (2017).

R(T) =

Ratkowsky (Ratkowsky et al. 1983)
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Table 2. Developmental time in days (mean + SE) of Exorista larvarum reared on Galleria
mellonella at seven constant temperatures.

Temperature (°C) Total developmental time (day) N
15 55.06+0.37* 52
20 23.04+0.24 76
26 17.4340.15¢ 61
30 15.92+0.11¢d 75
325 15.13+0.13¢ 52
34 15.33+0.33¢ 3
35 No eggs hatched ND

N, sample size; Means followed by different letters in the column of total developmental time are significantly
different (Tukey’s test; P < 0.05).

Table 3. Parameters of two linear regression models and 7* values for temperature-dependent
developmental rates Exorista larvarum reared on Galleria mellonella.

Method Equation P adj P To (°C) K (DD)
Ordinary R=-0.013075 + 0.002568T 0.88 <0.01 5.09 389.41
Ikemoto and Takai DT=292.744 + 9.7275D 0.90 <0.01 9.73 292.74

To, lower temperature threshold (no measurable development is detected); K, thermal constant (total effective
temperature).

Table 4. All fitted nonlinear models for temperature-dependent total developmental time of
Exorista larvarum reared on Galleria mellonella.

Model SSE Ruij AIC Rank
Pradhan-Taylor 0.007 0.92 -3416.36 6
Davidsons logistic - - - -
Logan-6 - - - -
Hilbert and Logan - - - -
Lactin-1 0.011 0.88 -3273.94 10
Lactin-2 0.008 0.91 -3382.98 8
Logan-10 - - - -
Analytis-1 0.006 0.93 -3452.49 4
Analytis-2 - - - -
Analytis-1/Allahyari - - - -
Analytis-3 - - - -
Briere-1 0.007 0.92 -3409.34 7
Briere-2 - - - -
Analytis-3/Kontodimas 0.006 0.93 -3450.59 5
Janisch/Kontodimas 0.006 0.94 -3476.04 3
Janisch/Rochat 0.008 0.90 -3350.90 9
Sharpe and DeMichele - - - -

Sh and DeMichele/Schoolfield - - — _
Sh and DeMichele/Kontodimas - - — _
Polynomial (cubic) - - - —
SSI model - - - _
Performance-1 - — _
Performance-2 0.005 0.94 -3505.10
Wang - - -
Ratkowsky model - - -
Beta model 0.006 0.94 -3481.40 2

(|
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Table 5. Parameters of the five best nonlinear models for temperature-dependent developmental
rates of Exorista larvarum reared on Galleria mellonella.

Observed Estimated
Rank Model Parameter Values Temperature  development development
time time
0.0444 (0.001582,
1 Performance-2 K> 0.08722) 15 55.06 51.31
To (°C) 11.26 (10.65, 11.86) 20 23.04 24.10
Tu (°C) 45 (40.86, 49.14) 26 17.43 16.82
0.00708 (0.0034438,
m 0.01071) 30 15.92 15.50
325 15.13 15.61
34 1533 16.07
2 Beta To (°C) 9.662 (8.661, 10.66) 15 55.06 51.18
Tu (°C) 45 20 23.04 24.15
Topt (°C) 30.35(30.03, 30.67) 26 17.43 16.65
0.06463 (0.06398,
325 15.13 15.77
34 1533 16.38
3 Janisch/Kontodimas Dumin 24.52 (24.08, 24.95) 15 55.06 48.41
0.01503 (0.0127,
K 0.01736) 20 23.04 24.52
A 0.2211 (0.2089, 0.2333) 26 17.43 16.67
Topt (°C) 20 (fixed at bound) 30 15.92 15.59
325 15.13 15.57
34 1533 15.69
4 Analytis-1 P 0.5086 (0.1284, 0.8888) 15 55.06 47.29
To (°C) 5.626 (4.04,7.212) 20 23.04 24.76
Tu (°C) 45 (35.87, 54.13) 26 17.43 16.85
m 1.14 (0.3958, 1.883) 30 15.92 15.42
n 2 (fixed at bound) 325 15.13 15.61
34 1533 16.20
5 Analytis- To(°C)  5.013 (4.335,5.69 15 55.06 46.40
3/Kontodimas o ’ (4.335,5.69) ’ ’
Tu (°C) 43.92 (42.83,45.01) 20 23.04 2491
7.472e-06  (6.492¢-06,
a 8.4516-06) 26 17.43 16.96
30 15.92 15.40
325 15.13 15.51
34 1533 16.06

The values in the parentheses represent 95% confidence intervals. For more details on concepts of the parameters see
Mirhosseini ef al. (2017).
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Table 6. Ty estimated by fitted nonlinear models for Exorista larvarum reared on Galleria
mellonella.

Model Tfast Developmental time (day)
Pradhan-Taylor 30.7 15.37
Lactin-1 30.4 21.56
Lactin-2 31.1 14.96
Analytis-1 30.7 15.38
Briere-1 309 15.19
Analytis-3/Kontodimas 31 15.34
Janisch/Kontodimas 314 15.54
Janisch/Rochat 31 15.28
Performance-2 33.2 15.79
Beta 30.3 15.47
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Fig. 1. Observed total immature stages development rate of Exorista larvarum reared on Galleria
mellonella (dots) and the ordinary linear model (line).
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Fig. 2. Observed total immature stages development time of Exorista larvarum reared on Galleria
mellonella (dots) and the Tkemoto linear model (line).

23



Developmental rate (1/day)

0.08 -

0.06 1

0.04 1

0.02 1

0.08

0.06

0.04

0.02

0.08

0.06

0.04

0.02

Journal of Agricultural Science and Technology (JAST), 28(5)
In Press, Pre-Proof Version

0.08
Performance-2 .
-
L]
° 0.06
0.04
0.02
T T T T 1 0
10 15 20 25 30 35
E . 0.08
Janisch/Kontodimas .
L]
. ° 0.06
4 0.04
- 0.02
T T T \ 0
10 15 20 25 30 35
Analytis-3/Kontodimas ¢
L] -
10 15 20 25 30 35

Beta

Analytis-1

e B Bl e &

10 15 20 25 30 35

Temperature (Celsius)

Fig. 3. Observed total immature stages development rate of Exorista larvarum reared on Galleria
mellonella (dots) and the five best nonlinear models (lines).
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