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Simple Summary: Spodoptera frugiperda is an important agricultural pest of several plants; therefore, 

a reliable method is required for predicting its emergence in fields. Temperature-dependent devel-

opment and thermal bio parameters are among approaches that are commonly used to model insect 

phenology. However, information regarding S. frugiperda is limited. In this study, we evaluated the 

fitness of S. frugiperda at various constant temperatures. The results of this study indicated that a 

temperature range of 28–30 °C was optimal for the fitness of S. frugiperda. Among the seven models 

evaluated in this study, the Shi model best described the relationship between temperature and the 

development rate of S. frugiperda. Estimating thermal thresholds and selecting appropriate models 

are crucial for effective decision-making regarding S. frugiperda control. 

Abstract: The fall armyworm Spodoptera frugiperda (J.E. Smith) is an economically important pest 

that recently invaded Africa and Asia; however, information regarding its biological capacity to 

establish itself in newly invaded environments is largely unknown. We investigated the effects of 

temperature on the development and survival of the invaded populations of S. frugiperda and se-

lected mathematical models to evaluate its development in a new environment. S. frugiperda exhib-

ited optimum survival and growth at temperatures between 28 °C and 30 °C. The lower and upper 

thermal thresholds for the egg-to-adult life cycle were 13.51 °C and 34.13 °C, respectively. We com-

pared seven mathematical models and found that the Shi model was the most suitable for describing 

the temperature-dependent development rate of S. frugiperda. Therefore, the Shi mathematical 

model may be used to predict both the occurrence of particular developmental stages and the geo-

graphic distribution to implement measures for the management of S. frugiperda in agricultural 

fields. 

Keywords: climate change; integrated pest management; invasive insects; nonlinear models; 

population dynamics; thermal adaptation 

1. Introduction

The fall armyworm (FAW) Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctu-

idae) is native to the tropical regions of the western hemisphere (Brazil and Argentina) to 
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the southern United States [1]. This species is polyphagous, feeding on more than 350 

plants belonging to 76 plant families, including several economically important crops such 

as maize, rice, and sorghum and various weeds [2]. Recently, the FAW has rapidly in-

vaded Africa and Asia, thereby crucially threatening crop production and food security 

[1,3,4]. FAW invasion could be attributed to its strong long-distance flight capability, fe-

cundity, and quick adaptability, further modulated by the prevailing meteorological con-

ditions [5,6]. 

Considering the increasing significance of the FAW as an agricultural pest, it is cru-

cial to understand the factors that affect its fitness and ecology for developing manage-

ment measures. Temperature is a key abiotic factor in insect growth and development in 

the environment [7]. Ntiri et al.’s [8] findings suggest that temperature affects resource 

utilization and intraspecific and interspecific interactions and influences the geographic 

distribution of ectothermic organisms such as insects [8]. Knowledge regarding the effect 

of temperature on insect development is critical for modeling their development under 

environmental conditions. 

Mathematical models can be used to evaluate the development rate of an insect pest 

in response to variations in temperature [9]. A nonlinear curve simulates a lower thermal 

threshold (TL), optimum temperature (Topt), and upper thermal threshold (TH) [10]. This 

curve best describes the effect of temperature on the development duration of insects. In 

this curve, the development rates increase above the lower thermal threshold (TL) until 

they reach the optimum temperature (Topt) and then decline to zero at the upper thermal 

threshold (TH) [10]. Because only the highest development rate is attained at Topt, certain 

more elaborated mathematical models also consider parameters that predict the intrinsic 

optimum temperature [11]. Considering that thermal thresholds can differ among insect 

species throughout their life cycle, it is essential to select a model that best describes the 

effect of temperature on the development rate to understand how the insect responds to 

temperature changes [12]. 

Based on the best-fit model selection, insect development in environmental condi-

tions can be simulated using temperature time series data [13]. Insect pest control 

measures can be more successful in some life stages than in others. Hence, inappropriate 

planning in implementing control measures may lead to failures in pest control [14]. Im-

plementing pest control measures at the ideal time can be cost- and time-effective in the 

use of pesticides and can thus increase the income for farmers and reduce environmental 

contamination [15]. Prior planning in implementing the pest control measures approach 

has been used effectively against various agricultural pests [14,16,17]. 

Implementing pest control measures depends on mathematical models that reliably 

predict the development of a pest in environmental conditions. Therefore, models may be 

used to simulate the phenology of insects, enabling us to set the time of control measures 

that mimic the presence of vulnerable stages of the pest in the field [18]. Previous studies 

have investigated the effect of temperature on the development of S. frugiperda [19–22]. 

However, those studies estimated the temperature thresholds of S. frugiperda using linear 

regression despite the known nonlinear response of ectotherms to temperature. Moreover, 

few studies on nonlinear models of S. frugiperda have either used a single model or focused 

on environmental parameters other than temperature [23–25]. Since its global invasion, 

the FAW has become a major pest of several crops. Moreover, the effect of temperature 

on its development has been insufficiently investigated, particularly with respect to the 

selection of mathematical models for describing this relationship. Therefore, this study 

aimed to investigate the effect of temperature on the fitness (survival, development time, 

and growth rate) of the FAW and select mathematical models that describe its develop-

ment rate.  
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2. Materials and Methods 

2.1. Colony Maintenance 

S. frugiperda larvae were collected in August 2019 from a cornfield in Gyeongsan, the 

Republic of Korea. In our earlier study, this colony was identified as a rice and corn strain 

based on the mitochondrial cytochrome oxidase subunit I gene (GenBank Accession num-

ber MT103342) and nuclear triosephosphate isomerase gene (GenBank Accession number 

MT89423), respectively [3]. Larvae were maintained at 25 °C ± 1 °C, 60% ± 5% relative 

humidity (RH) and a 14:10-h light:dark cycle in an insect rearing room according to the 

protocols outlined in our previous studies [26,27]. Pupae were placed in a plastic cage (40 

× 40 × 40 cm3) to develop into adults. The adults were then provided 20% sucrose solution 

within the cage and supplied two corn plant seedlings (~30 days old) in pots as the ovipo-

sition substrate. Eggs from the same cluster were used in each experimental setup. 

2.2. Effect of Temperature on the Fitness of S. frugiperda 

The effect of seven constant temperatures on the fitness of S. frugiperda was evalu-

ated. From the egg to the adult stage, individuals were placed in temperature-controlled 

chambers at 15 °C, 20 °C, 25 °C, 28 °C, 30 °C, 32 °C, and 34 °C, 60% ± 5% RH, and a 14 h 

light:10 h dark photoperiod. To investigate the effect of temperature on embryo develop-

ment in the FAW, one newly laid egg cluster (~112 eggs/cluster), aged <12 h, was placed 

in a 100 mL insect breeding dish (SPL Life Sciences, Pocheon-si, Korea) lined with a towel 

paper. Five replications at each temperature were evaluated. The daily hatching of larvae 

was recorded to evaluate the period of incubation and the survival rate of eggs. 

Newly hatched larvae (n = 80 individuals) were separately placed in a 25 mL round 

disposable plastic vial at each temperature to evaluate the fitness of larval and pupal 

stages. Larvae were fed on 30-day-old corn leaves (Zea mays var. ceratina). The corn leaves 

were replaced daily, the breeding dish was cleaned, and the number of live individuals 

and their developmental stages were recorded. 

Biological parameters such as survival and development duration, pupal weight, and 

growth rate were used to determine the effects of temperature on the fitness of the FAW. 

Sex determination was performed 24 h after pupation. The hardened cuticle and anal gen-

ital openings were assessed to distinguish the sex [28,29]. The weight of pupae was deter-

mined using a high-precision semi-analytical balance (Ohaus Corporation, Songpa-gu, 

Seoul 05840, Republic of Korea) 48 h after pupation. The growth rate was determined ac-

cording to the method reported by Gotthard et al. [30] as follows: 

Growth rate = [ln (Pupal weight) − (hatching weight)]/Larval time 

2.3. Statistical Analysis 

2.3.1. Effects of Temperature on the Fitness of S. frugiperda 

Before statistical analysis, the variables for the homogeneity of group variances and 

normality were evaluated using Levene’s and Shapiro–Wilk tests, respectively [31]. The 

development duration at the six constant temperatures was analyzed using the Kruskal–

Wallis test (p < 0.05). Dunn’s test was used to compare treatments when the differences 

were statistically significant (p < 0.05) [9]. The survival of FAWs at egg, larval, and pupal 

stages was compared among temperatures using a proportion test [32]. Furthermore, sur-

vival curves were plotted for each temperature and compared using the nonparametric 

Kaplan–Meier method [33]. Pupal weight and growth rate analyses were performed using 

generalized linear models with the Gaussian distribution family and identity link func-

tion. Analyses were conducted using SPSS software, except for the survival analysis, 

which was performed using the MINITAB software 21.1.  
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2.3.2. Selection and Evaluation of Mathematical Models 

Seven models (six nonlinear and one linear) describing the effects of temperature on 

the development of insects were fitted to the observed development rate for the egg, lar-

val, and pupal developmental stages of the FAW (Table 1). Three thermal thresholds were 

considered in this study, including the lower (TL) and upper thermal thresholds (TH) and 

optimum temperature (Topt). The thermal threshold accuracy of the FAW was evaluated 

based on both the data from this study and its distribution range. Thermal thresholds 

estimated beyond the ranges of 8.7–15.0 °C for TL, 25.0–35.0 °C for Topt, and 33.0–40.0 °C 

for TH were considered unrealistic [34–37]. Models that estimated realistic thermal thresh-

olds for the FAW were preferred to those that estimated unrealistic thermal thresholds. 

The thermal thresholds were estimated using the development rate at each tested temper-

ature. SPSS software and the Levenberg–Marquardt algorithm along with development 

rate data were used to fit the models, with partial derivatives of the dependent variable 

guiding estimation with respect to each model parameter [33]. 

Table 1. Mathematical models used to describe the temperature-dependent development rate of 

Spodoptera frugiperda. 

Model  Function  Reference  

linear  D(T) = a + bT [38] 

β type D(T) = ρ.(aT/10).(T/10)
β
 [39] 

Briere-1 D(T) = aT(T−TL)(TH−T)
1/2

 [40] 

Briere-2 D(T) = aT(T−TL)(TH−T)
1/m

 [40] 

Shi D(T) = m(T−TL(1−��(����)) [41] 

Logan-6 D(T) = ᴪ(��� − �(����
��.�

∆
) [10] 

Taylor D(T) = Rm.EXP − 0.5(T−Topt)
2
 [42] 

D(T) is the development rate at temperature T (°C), TL the lower temperature threshold, TH the up-

per-temperature threshold, and Topt the optimum temperature for development. The remaining pa-

rameters are fitted coefficients. 

The estimates of the lower thermal threshold (TL) and the degree days ((DD); thermal 

constant K) were calculated using the methods described by Campbell et al. [38]. This 

entailed generating linear regressions to connect the rate of development (y) and temper-

ature (x) for temperature ranges where the relationships are roughly linear. The lower 

thermal threshold was determined using the x-intercept method (TL = −a/b) and the con-

stant K (the number of heat units required for a species to develop from one stage to the 

next) obtained via the reciprocal of the slopes (K = 1/b). When fitting the linear model, data 

obtained at 15 °C and 34 °C were not used in the analysis because they were outside the 

linear range between temperature and development rate. 

In this study, the number of thermal thresholds estimated using the nonlinear models 

differed among models. Some models, such as Briere-1, Briere-2, and Shi, estimated TL, 

TH, and Topt, directly from the equation or graphically. In contrast, others estimated only 

TH and Topt (β type and Logan-6) or only TL (linear). The model performance was evaluated 

using the goodness-of-fit as a statistical criterion and the ability of a single model to cor-

rectly estimate temperature thresholds as an additional criterion [9,43,44]. The R square 

of the regression (R²) was used to evaluate the model’s goodness-of-fit. Due to the small 

sample size, the corrected Akaike information criterion (AICc) was used to evaluate the 

model’s relative quality as follows: 

AICc = ���(
���

�
) + 2� + (

2�� + 2�

� − � − 1
) 
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where n denotes the number of treatments, RSS denotes the residual sums of squares, and 

k denotes the number of model parameters. Several researchers currently use AICc to 

compare the quality of models based on their complexity (number of parameters) and 

goodness-of-fit, with lower ΔAICc values indicating good performance [45]. Moreover, 

the ΔAICc was determined as the difference between the score of each model and the 

lowest AICc in each developmental stage. In this study, ΔAICc values of ≤4.0 indicated 

similar model performance [46]. The best-fit models in this study were selected based on 

the accuracy of thermal threshold estimation, the number of thermal thresholds estimated 

by the model, and the graphical representation of the data in addition to statistical metrics 

(delta AICc and R2). 

3. Results 

3.1. Effects of Temperature on the Fitness of S. frugiperda 

Temperature had a significant effect on the development time of egg (χ2 = 21.58; df = 6; p 

< 0.001), larval (χ2 = 25.78; df = 6; p < 0.0001), and pupal (χ2 = 21.49; df = 5; p < 0.001) stages as 

well as the egg-to-adult life cycle (χ2 = 22.70; df = 5; p < 0.0001) of the FAW (Table 2). 

Table 2. Development duration (in days [mean ± SE]) of Spodoptera frugiperda at different constant 

temperature regimes. 

Temperature 

(°C) 
N * Egg † Larvae 

Pupae 
Egg-to-Adult 

Male Female Mean 

15 80 14.25 ± 1.31 a 87.42 ± 2.68 a - - - - 

20 87 5.33 ± 0.88 b 25.41 ± 0.93 ab 21.85 ± 0.45 a 19.6 ± 1.43 a 20.91 ± 0.70 a 50.46 ± 1.71 a 

25 70 2.29 ± 0.17 bc 15.37 ± 0.84 ab 10.25 ± 0.25 ab 9.57 ± 0.12 ab 9.72 ± 0.125 ab 31.88 ± 0.25 ab 

28 103 2.00 ± 0.00 c 13.61 ± 0.22 bc 8.75 ± 0.18 b 7.55 ± 0.16 b 8.15 ± 0.15 b 25.22 ± 0.58 abc 

30 90 1.50 ± 0.28 c 12.64 ± 0.31 c 7.87 ± 0.39 bc 7.40 ± 0.63 bc 7.58 ± 0.57 bc 23.44 ±1.27 bc 

32 80 1.33 ± 0.33 c 9.11 ± 0.30 c 7.12 ± 0.21 bc 6.62 ± 0.17 bc 6.87 ± 0.14 bc 23.43 ± 0.38 c 

34 80 2.36 ± 0.06 c 13.11 ± 0.34 c 6.83 ± 0.40 c 5.81 ± 0.23 c 6.06 ± 0.21 c 23.87 ± 0.42 c 

* Number of individuals of first instar larvae; † five egg clusters (approximately 100 egg/mass); -no 

larvae pupated at 15 °C. Means within a column followed by the same letter are not significantly 

different (Krukal–Wallis test followed by Dunn’s multiple comparison test, p < 0.05). 

A negative correlation was observed between temperature and development dura-

tion in the range of 15–32 °C (Table 2). The incubation duration varied between 1.33 and 

14.25 days at 32 °C and 15 °C, respectively. The larval stage duration varied between 9.11 

and 87.42 days at the same temperature range. An increase (but not significant) in the 

development duration of larvae was observed at 34 °C (13.11 days) compared with that at 

32 °C (9.11 days). The pupal stage duration ranged from 6.06 to 20.91 days at 34 °C and 20 

°C, respectively. No pupation was recorded at 15 °C. The egg-to-adult life cycle duration 

ranged from 23.43 to 50.46 days at 32 °C and 20 °C, respectively. The development time 

of the pupae was affected by temperature (female: χ2 = 21.49; df = 5; p < 0.001, male: χ2 = 

21.42; df = 5; p < 0.001) but not by sex (Kruskal–Wallis χ2 = 2.57; df = 1; p = 0.109; Table 2). 

Moreover, although most larvae developed until six instars, especially at higher temper-

atures, as many as seven instars were observed for larvae reared at 15 °C and 20 °C, sug-

gesting the temperature dependence of the number of FAW larval instars. 

The weight of pupae was significantly affected by temperature (χ2 = 242.79; df = 5; p 

< 0.0001) and sex (χ2 = 4.11; df = 1; p = 0.043; Table 3). Males were heavier than females at 

all temperatures, except at 20 °C (Table 3).  
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Table 3. Pupal weight (mean ± SE) and growth rate of Spodoptera frugiperda reared at different con-

stant temperature regimes. 

Temperature 

(°C) 

Pupal Weight (mg) Growth Rate (mg/Day) 

Male  Female Male Female  

20 194.42 ± 3.74 aB (20) † 202.12 ± 6.15 aA (23) † 8.31 ± 0.31 c 9.26 ± 0.87 d 

25 142.98 ± 9.27 bA (13) 139.53 ± 4.10 bB (18) 8.32 ± 0.31 c  9.51 ± 0.71 d 

28 193.96 ± 10.88 aA (52) 192.06 ± 6.30 aB (48) 14.59 ± 0.77 a 13.87 ± 0.38 a 

30 167.26 ± 7.90 bA (25) 150.24 ± 5.73 bB (33) 13.13 ± 1.25 a 14.68 ± 1.4 a 

32 126.43 ± 4.65 cA (16) 120.54 ± 4.72 cB (13) 12.11 ± 0.98 b 10.94 ± 0.67 b  

34 127.35 ± 14.95 cA (16) 117.80 ± 6.05 cB (15) 10.79 ± 0.97 b 9.75 ± 0.72 c 

† Sample sizes; means within a column followed by the same lowercase within column and upper-

case letters within rows are not significantly different (GLM with Gaussian distribution followed by 

LSD multiple comparison test, p < 0.05). 

Moreover, a negative relationship between size and rearing temperature was ob-

served from 30 °C to 34 °C (Table 3). The growth rate was significantly affected by tem-

perature (χ2 = 145.61; df = 5; p < 0.0001) but not by sex (χ2 = 0.301; df = 1; p = 0.583). The 

optimal temperature for the development of the FAW in this study was in the range of 28 

°C–30 °C based on pupal weight and growth rate (Table 3). 

FAWs developed from the egg to the adult stage at all the tested temperatures, except 

at 15 °C. The survival of egg (χ2 = 12.14; df = 6; p < 0.0001), larval (χ2 = 42.71; df = 6; p < 

0.0001), and pupal (χ2 = 41.52; df = 5; p < 0.0001) stages was significantly affected by tem-

perature (Figure 1A). Kaplan–Meier survival analysis also revealed the significant effect 

of temperature on the survival rate (Figure 1B). 

 

Figure 1. Survival of S. frugiperda at different constant temperature regimes. (A) Survival rates. (B) 

Survival curves were generated using nonparametric Kaplan–Meier analysis. Survival of egg, larval, 

and pupal stages was compared among temperatures using a proportion test (p < 0.05). Same low-

ercase letters in each developmental stage denote differences that are not statistically significant at 

p < 0.05. 
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3.2. Selection and Performance of Mathematical Models 

The performance of temperature-dependent development models varied based on 

the developmental stage of S. frugiperda. Based on an ΔAICc value, the linear and Taylor 

were the best-fit models for the egg stage (Table 4). For larvae, the best-fit models were 

Briere-1 and Briere-2, followed by Taylor. The best performing models for the pupal stage 

were Shi and Briere-1 and those for the egg-to-adult life cycle were linear, Taylor, and Shi. 

Conversely, Taylor was the best-fit model for most developmental stages, whereas Shi 

demonstrated a good fit to the observed data for the pupal stage and egg-to-adult life 

cycle (Table 4). 

Table 4. Mathematical models evaluation based on the R square (R²) and the corrected Akaike in-

formation criterion (AICc). 

Model  
Egg  Larvae  Pupae  Egg–Adult  

R² ∆AICc R² ∆AICc R² ∆AICc R² ∆AICc 

Linear  0.99  0.00  0.91  8.99  0.97  7.13  0.96  0.00 

β type 0.81  8.29  0.71  8.91  0.86  20.93  0.74  11.29  

Briere-1 0.91  4.46  0.95  0.00  1.00  2.89  0.94  4.17  

Briere-2 0.86  6.68  0.95  0.00  0.98  9.91  0.94  4.17  

Shi 0.88  5.96  0.86  5.21  0.99  0.00  0.95  0.99  

Logan 0.89  5.54  0.88  4.33  0.93  17.59  0.91  5.97  

Taylor 0.96  0.25  0.95  0.10  0.99  8.93  0.97  0.13  

ΔAICc values in bold represent the models with similar performance (ΔAICc < 4). 

The R2 values were in the range 0.70–0.99 when all models were evaluated for the 

various immature stages of S. frugiperda (Table 4). Although most models demonstrated 

high R2 values, their graphical representation revealed significant differences between 

them (Figure 2). The thermal parameters TL, TH, and Topt varied widely based on the model 

evaluated. The TL and TH values in the egg stage varied between 6.50 °C and 14.96 °C and 

between 34.08 °C and 43.50 °C, respectively. In the larval stage, the TL and TH values were 

in the range of 8.83–12.88 °C and 34.33–45.31 °C, respectively (Table 5). In the pupal stage, 

the TL and TH values were in the range of 9.03–14.68 °C and 37.58–54.14 °C, respectively 

(Table 5). Similarly, the TL and TH values in the egg-to-adult life cycle were in the range of 

10.41–13.51 °C and 34.13–44.42 °C, respectively. The TL estimated via linear regression 

varied between 9.73 °C in the egg-to-adult life cycle and 15.92 °C in the egg stage. The 

FAWs required 490 DD above the TL to develop from the egg to the adult stage (Table 6). 

Nevertheless, most models predicted biologically significant parameters, and the esti-

mated values in some cases were unrealistic. For instance, the Briere-1 model estimated 

very high TH values for all immature stages. Similarly, the Briere-2 model predicted a TH 

of 51.04 °C and 44.41 °C for the pupal stage and egg-to-adult life cycle, respectively. The 

Taylor model also predicted a TL value below the expected level for the egg stage (Table 

5). However, some models predicted thermal thresholds consistent with the expected val-

ues for the FAW based on both its known distribution range and experiments conducted 

in this study (Table 7). These models included linear, Taylor, Shi, and Briere-2. Consider-

ing the goodness-of-fit and the number and accuracy of predicted thermal thresholds, Shi 

was the most suitable model for the FAW, followed by Taylor (Table 7). 
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Figure 2. Curves fitted via the mathematical models used to describe the temperature-dependent 

development rate of S. frugiperda for egg, larval, and pupal stages and the egg-to-adult life cycle. 

While fitting the linear model, data obtained at 15 °C and 34 °C were not used in the analysis because 

they were outside the linear range between temperature and development rate. 

Table 5. Mathematical model with parameter values of different life stages of Spodoptera frugiperda. 

Model Egg Larvae Pupae Egg–Adult 

Linear     

a (10−2) 0.00 −6.60 −10.64 −1.99 

b (10−2) 4.70 0.52 0.80 0.20 

TL 15.92 12.78 13.26 9.73 

β-type     

ρ (10−3) 15.88 3.70 2.72 1.67 

a 3.89 4.04 3.90 4.04 

b 3.31 2.64 3.58 2.71 

TH 38.86 40.36 39.01 40.33 

Topt 30.28 30.10 31.09 30.13 

Briere-1     

a (10−5) 16.12 2.15 2.29 1.14 

TL 12.23 12.88 13.47 13.08 

TH 43.50 45.31 54.14 44.42 

Topt 33.82 33.19 33.58 32.77 

Briere-2     

a (10−6) 89.54 45.39 32.38 24.80 
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m 7.27 3.19 3.04 4.35 

TL 14.96 9.94 9.77 13.09 

TH 40.90 39.53 51.04 44.41 

Topt 31.21 30.35 36.74 32.99 

Shi     

K 14.16 3.51 2.60 12.79 

m (10−3) 41.00 5.16 9.03 2.56 

TL 14.27 12.78 14.68 13.51 

TH 34.08 34.33 37.58 34.13 

Topt 33.91 33.62 36.35 33.95 

Logan-6     

Ρ 0.10 0.10 0.11 0.10 

Δ 9.12 9.56 8.96 9.07 

Ψ 0.22 0.18 0.13 0.01 

TH 40.61 40.63 40.71 41.09 

Topt 32.12 32.00 32.43 32.13 

Taylor     

Rm (10−2) 72.49 8.87 15.75 4.18 

TL 6.50 8.83 9.03 10.41 

Topt 32.74 32.04 34.38 33.38 

Thermal thresholds were estimated using the Levenberg–Marquardt algorithm along with devel-

opment rate data in SPSS and solver in MS excel. 

Table 6. Regression of development rates, developmental lower thresholds (TL), and total thermal 

constants (K) (degree-days) of Spodoptera frugiperda at five constant temperatures. 

Life Stage 
Regression Parameters      

Equation Slope ± SEM Intercept  R² K (Degree-days) TL (°C) 

Egg Y = 0.04696*X − 0.7474 0.04696 ± 0.0009017 −0.7474 ± 0.02464 0.999 21.29  15.92  

Total larval Y = 0.00516*X − 0.06596 0.00516 ± 0.0009558 −0.06596 ± 0.02612 0.907 193.80  12.78  

Pupa Y = 0.00802*X − 0.1064 0.00802 ± 0.0007856 −0.1064 ± 0.02146 0.972 124.70  13.27  

Egg–adult Y = 0.002041*X − 0.01986 0.002041 ± 0.0002483 −0.01986 ± 0.006786 0.958 490.00  9.73  

Y represents the development rate (inverse of development time = 1/D) at temperature X in the for-

mula Y = a + bX. The lower thermal threshold was determined using the x-intercept method (TL = 

−a/b) and the constant K (the number of heat units required) obtained via the reciprocal of the slopes 

(K = 1/b). 

Table 7. Thermal thresholds estimated via each model and their accuracy based on the development 

duration and known distribution range of Spodoptera frugiperda. 

Model  Number of Estimated Thermal Threshold 
Accuracy ª 

TL Topt TH 

Linear  1 + * * 

β type 2 * + − 

Briere-1 3 + + − 

Briere-2 3 + + − 

Lactine-2 3 − + − 

Shi 3 + + + 

Logan-6 2 * + − 

Taylor 2 + + * 

TL and TH are the lower and upper thermal thresholds, respectively, and Topt is the optimum tem-

perature. ª: +, yes; −, no; *, parameter not estimated by the model.  



Insects 2022, 13, 1084 10 of 14 
 

 

4. Discussion 

To achieve a better understanding of the phenological change that insect populations 

go through, it is important to have a clear understanding of how abiotic elements, such as 

temperature, affect their development rate [47]. This information is especially crucial for 

invasive species that are expanding their distribution range in invaded areas, such as the 

FAW. Therefore, understanding the determinants influencing FAW population dynamics 

is critical for integrated pest management. In this regard, this study could significantly 

contribute toward understanding the effect of temperature on the development of the 

FAW. 

Our findings demonstrated that temperature significantly affected the development 

duration and survival rate of the FAW. The effect was observed when the response was 

compared between individuals at extreme temperatures in this study. For instance, a dif-

ference of 27 days was found in the mean development duration between individuals 

reared at 20 °C and 34 °C. Furthermore, a significant difference in pupal weight was ob-

served between 20 °C and 34 °C, and a lower larval survival rate was observed at 15 °C, 

32 °C, and 34 °C. Previous studies have reported similar differences in the development 

duration of the FAW at different temperatures, wherein lower survival rates of larvae 

were recorded at high temperatures [21,34]. Interestingly, the number of larval instars (7th 

instar larvae) increased at 15 °C and 20 °C, which are the lower temperatures at which 

development was studied, suggesting the biological plasticity of the FAW to survive un-

der adverse conditions [21,29]. 

Based on biological characteristics such as development time, survival, and pupal 

weight, our findings imply that the Topt for the FAW is between 28 °C and 30 °C. Our 

results are consistent with those of previous studies that reported that the most favorable 

temperature range for FAW development, survival, and reproduction was 27–30 °C 

[21,22]. 

Understanding the temperature thresholds of insects is crucial for predicting their 

potential distribution [48]. In this study, the lower threshold temperature for the develop-

ment of the egg was estimated at 15.92 °C, which was in the range (15.6–18.3 °C) reported 

by Barfield et al.[49] but was higher than the threshold temperature of 12.1 °C reported 

by Prasad et al. [21], 13.01 °C reported by Du Plessis et al. [22], and 12.69 °C reported by 

Ali et al. [34]. Knowledge regarding the thermal requirements of an insect can help inter-

pret its current geographical distribution and predict its future distribution [50]. Each de-

velopmental stage has specific temperature requirements for survival and development 

in a particular environment [48]. This study demonstrated that the DD requirements for 

the larvae and pupae of FAW were 193.80 and 124.70, respectively, which were lower than 

those (204 and 150, respectively) reported by Du Plessis et al. [22]. According to Ali et al. 

[34], these differences in DD may be attributed to the different larval diets used in the two 

investigations. 

The recent invasion in continents with diverse climatic conditions, such as Asia and 

sub-Saharan Africa, indicates that the FAW is regularly facing temperatures that are prob-

ably outside the linear range of the relationship between temperature and development 

rate [1,3]. Therefore, linear models become unrealistic to predict the temperature-depend-

ent development rate, which may then necessitate the use of nonlinear models to estimate 

the development rate of the FAW. In this study, the nonlinear models demonstrated sig-

nificant variability in their ability to characterize the correlation between temperature and 

S. frugiperda growth rate. In this particular investigation, the level of “goodness-of-fit” was 

considered alongside the accuracy of the projected thermal thresholds to select the most 

effective models. The best-fit model in this investigation generated valid estimations of 

thermal thresholds. The multiple criteria selection method showed that among the seven 

models assessed, Shi and Taylor can be used to describe the temperature-dependent de-

velopment of the FAW. Based on the accuracy of the thermal threshold estimation, Shi 

was considered the best model because it fitted well in all developmental stages. Previous 
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studies have also demonstrated that the Shi model can accurately describe the relationship 

between temperature and development rate in other lepidopteran species [9,44,51]. 

We observed differences in the predicted thermal thresholds between the models as 

well as between the developmental stages. For instance, the TL estimated by the Shi model 

for the larval stage was 12.78 °C, compared with 8.83 °C and 9.94 °C estimated by the 

Taylor and Briere-2 models, respectively. For the egg-to-adult life cycle, a difference of 3.1 

°C was observed between the TL estimated using the Shi and Taylor models. Interestingly, 

linear regression estimated a TL value similar to those estimated via the Shi and Briere-1 

models but higher than that estimated via the Taylor and Briere-2 models for the larval 

stage. 

The best-fit model obtained in this study can be used in integrated pest management 

to set a good time to implement management measures. Previously, the same method was 

used in the management of the oriental fruit moth Grapholita molesta (Busck, 1916) (Lepi-

doptera: Tortricidae) in orchards in North Carolina, the U.S.A. The method contributed to 

a decrease in pesticide use and decreased the contamination of the environment [52]. Sim-

ilarly, the findings of this study can be applied to simulate FAW development in the field 

and provide information on efficient and effective methods for applying control 

measures. The best-fit model can be used to determine the ideal time to implement control 

measures as well as assess the effects of climate change on pest voltinism [53]. For exam-

ple, in a study by Santos et al. [53], the nonlinear model (Lactin-2) predicted a higher num-

ber of generations in warmer regions than in colder regions for the small tomato borer 

Neoleucinodes elegantalis (Guenée, 1854) (Lepidoptera: Crambidae). In another study, the 

nonlinear model predicted a decrease of up to 33.1% in the number of generations of S. 

cosmioides in warmer regions where temperatures often exceeded the optimum tempera-

ture required for the species’ survival [54]. The application of mathematical models in pest 

management might encounter several limitations, including the prediction accuracy of the 

life stage of the insect in the field and ambiguity in selecting a suitable date to start esti-

mating the development rates [55]. Another potential limitation is associated with the 

practical application of the model for different crops. In this study, the best-fit model was 

selected based on development data obtained using the corn plant as the host and only 

seven mathematical models. Further experiments in different host plants of S. frugiperda 

and evaluation of a greater number number of temperature-dependent development 

models are essential. 

5. Conclusions 

Temperature had a significant impact on the development and survival of the FAW. 

The biological factors evaluated in this study indicated that a temperature range of 28 °C–

30 °C was optimal for FAW fitness. Among the seven models evaluated in our study, Shi 

best described the relationship between temperature and the development rate of the 

FAW. The thermal thresholds estimated via the model suggested that the FAW can un-

dergo development in a broad range of temperatures, which explains the invasion and 

occurrence of this species in areas with diverse climatic conditions, including tropical, 

subtropical, and temperate regions. Finally, our study contributes to a better understand-

ing of how temperature affects FAW development. The selected mathematical model will 

help elucidate the best time to implement pest control measures against this important 

agricultural pest. 

Author Contributions: Conceptualization, M.J.M. and K.-Y.L.; Methodology, M.J.M., R.A., M.M.M. 

and H.-S.H.; Validation, K.-Y.L.; Formal analysis, M.J.M. and N.B.; Investigation, M.J.M.; Resources, 

R.A., M.M.M. and H.-S.H.; Writing–original draft, M.J.M.; Writing–review & editing, M.J.M., R.A., 

M.M.M., H.-S.H., N.B. and K.-Y.L.; Project administration, K.-Y.L.; Funding acquisition, K.-Y.L. All 

authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by a grant from the National Institute of Biological Resources 

(NIBR), funded by the Ministry of Environment (MOE) of the South Korea (NIBR202206103). 



Insects 2022, 13, 1084 12 of 14 
 

 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflicts of interest 

References 

1. Nagoshi, R.N.; Koffi, D.; Agboka, K.; Tounou, K.A.; Banerjee, R.; Jurat-Fuentes, J.L.; Meagher, R.L. Comparative molecular 

analyses of invasive fall armyworm in Togo reveal strong similarities to populations from the eastern United States and the 

Greater Antilles. PLoS One 2017, 12, 1–15, doi:10.1371/journal.pone.0181982. 

2. Montezano, D.G.; Specht, A.; Sosa-Gómez, D.R.; Roque-Specht, V.F.; Sousa-Silva, J.C.; Paula-Moraes, S. V.; Peterson, J.A.; Hunt, 

T.E. Host Plants of Spodoptera frugiperda (Lepidoptera: Noctuidae) in the Americas. African Entomol. 2018, 26, 286–300, 

doi:10.4001/003.026.0286. 

3. Acharya, R.; Akintola, A.A.; Malekera, M.J.; Kamulegeya, P.; Nyakunga, K.B.; Mutimbu, M.K.; Shrestha, Y.K.; Hemayet, J.S.M.; 

Hoat, T.X.; Dao, H.T.; et al. Genetic relationship of fall armyworm (Spodoptera frugiperda) populations that invaded Africa and 

Asia. Insects 2021, 12, 1–15, doi:10.3390/insects12050439. 

4. Tambo, J.A.; Kansiime, M.K.; Rwomushana, I.; Mugambi, I.; Nunda, W.; Mloza Banda, C.; Nyamutukwa, S.; Makale, F.; Day, R. 

Impact of fall armyworm invasion on household income and food security in Zimbabwe. Food Energy Secur. 2021, 10, 299–312, 

doi:10.1002/fes3.281. 

5. Early, R.; González-Moreno, P.; Murphy, S.T.; Day, R. Forecasting the global extent of invasion of the cereal pest Spodoptera 

frugiperda, the fall armyworm. NeoBiota 2018, 25–50, doi:10.3897/neobiota.40.28165. 

6. Ge, S.S.; He, L.M.; He, W.; Yan, R.; Wyckhuys, K.A.G.; Wu, K.M. Laboratory-based flight performance of the fall armyworm, 

Spodoptera frugiperda. J. Integr. Agric. 2021, 20, 707–714, doi:10.1016/S2095-3119(20)63166-5. 

7. Denlinger, D.L.; Yocum, G.D. Physiology of Heat Sensitivity. In Temperature Sensitivity in Insects and Application in Integrated Pest 

Management; West_view Press, Boulder, CO, USA; Oxford, UK. ISBN 0 8133 8990 9(HB)., 1998; pp. 7–53. 

8. Ntiri, E.S.; Calatayud, P.A.; Berg, J.V.-D.; Schulthess, F.; Ru, B.P.L. Influence of temperature on intra- and interspecific resource 

utilization within a community of lepidopteran maize stemborers. PLoS One 2016, 11, 1–19, doi:10.1371/journal.pone.0148735. 

9. Sampaio, F.; Krechemer, F.S.; Marchioro, C.A. Temperature-dependent development models describing the effects of tempera-

ture on the development of Spodoptera eridania. Pest Manag. Sci. 2021, 77, 919–929, doi:10.1002/ps.6101. 

10. Logan, J.A.; Wollkind, D.J.; Hoyt, S.C.; Tanigoshi, L.K. An analytic model for description of temperature dependent rate phe-

nomena in arthropods. Environ. Entomol. 1976, 5, 1133–1140, doi:10.1093/ee/5.6.1133. 

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

doi:10.1603/0046-225X-34.6.1377. 

12. Quinn, B.K. A critical review of the use and performance of different function types for modeling temperature-dependent de-

velopment of arthropod larvae. J. Therm. Biol. 2017, 63, 65–77, doi:10.1016/j.jtherbio.2016.11.013. 

13. Régnier, B.; Legrand, J.; Rebaudo, F. Modeling temperature-dependent development rate in insects and implications of experi-

mental design. Environ. Entomol. 2021, 1–13, doi:10.1093/ee/nvab115. 

14. Sevacherian, V.; Stern, V.M.; Mueller, A.J. Heat accumulation for timing Lygus control measures in a safflower-cotton complex. 

J. Econ. Entomol. 1976, 70, 399–402. 

15. Harsimran, K..; Harsh, G. Pesticides: environmental impacts and management strategies. In M. L. Larramendy, & S. Soloneski 

(Eds.), Pesticides - Toxic Aspects; IntechOpen, 2014. 

16. Joon, J.; Yeol, C.; Jung, C. Model of Grapholita molesta spring emergence in pear orchards based on statistical information criteria. 

J. Asia. Pac. Entomol. 2012, 15, 589–593, doi:10.1016/j.aspen.2012.04.002. 

17. James, L.; Gary, L.; Street, G.; States, U.; Julie, C.; Carolina, N.; States, U. Degree-day model for timing insecticide applications 

to control Dioryctria amatella ( Lepidoptera : Pyralidae ) in loblolly pine seed orchards. Can. Entomol. 2002, 134, 255–268. 

18. Rabhi, V. Modeling temperature-dependent development rate and phenology in insects : review of major developments , chal-

lenges , and future directions. Entomol. Exp. Appl. 2018, 607–617, doi:10.1111/eea.12693. 

19. Labatte, B.J.M. Modelling the larval development. J. Appl. Entomol. 1994, 118, 172–178. 

20. Hai-, L.Z.; He, M.; Chen, C.; Guo, X. Effects of temperature on life-history traits of the newly invasive fall armyworm , Spodoptera 

frugiperda in Southeast China. Ecol. Evol. 2021, 5255–5264, doi:10.1002/ece3.7413. 

21. Prasad, T. V; Srinivasa, R.M.; Rao, K..; Bal, S.K.; Muttapa, Y.; Choudhary, J.S.; Singh, V.K. Temperature-based phenology model 

for predicting the present and future establishment and distribution of recently invasive Spodoptera frugiperda ( J . E . Smith ) in 

India. Bull. Entomol. Res. 2021, 1–15, doi:https://doi.org/10.1017/ S0007485321000882 Received: 

22. Du Plessis, H.; Schlemmer, M.L.; Van den Berg, J. The effect of temperature on the development of Spodoptera frugiperda (Lepi-

doptera: Noctuidae). Insects 2020, 11, doi:10.3390/insects11040228. 

23. Kadzamira, M.A.T.J.; Chaudhary, M.; Williams, F.; Dutta, N.K. A non-linear approach to the establishment of local biological 

control agent  production units: a case study of fall armyworm in Bangladesh. CABI Agric. Biosci. 2022, 3, 1–12, 

doi:10.1186/s43170-022-00115-5. 



Insects 2022, 13, 1084 13 of 14 
 

 

24. Maino, J.L.; Schouten, R.; Overton, K.; Day, R.; Ekesi, S.; Bett, B.; Barton, M.; Gregg, P.C.; Umina, P.A.; Reynolds, O.L. Regional 

and seasonal activity predictions for fall armyworm in Australia. Curr. Res. Insect Sci. 2021, 1, 100010, 

doi:10.1016/j.cris.2021.100010. 

25. Gilioli, G.; Colli, P.; Colturato, M.; Gervasio, P.; Sperandio, G. A nonlinear model for stage-structured population dynamics 

with nonlocal density-dependent regulation: An application to the fall armyworm moth. Math. Biosci. 2021, 335, 108573, 

doi:10.1016/j.mbs.2021.108573. 

26. Acharya, R.; Hwang, H.S.; Mostafiz, M.M.; Yu, Y.S.; Lee, K.Y. Susceptibility of various developmental stages of the fall 

armyworm, Spodoptera frugiperda, to entomopathogenic nematodes. Insects 2020, 11, 1–13, doi:10.3390/insects11120868. 

27. Malekera, M.J.; Acharya, R.; Hwang, H.S.; Lee, K.Y. Effect of cold acclimation and rapid cold-hardening on the survival of 

Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) under cold stress. J. Asia. Pac. Entomol. 2022, 25, 101862, 

doi:10.1016/j.aspen.2021.101862. 

28. Angulo, A.O.; Carmen, J.S. Pupae of the genus Spodoptera guenee,1852, from the north of Chile (Lepidoptera: Noctuidae). 

Agric. Tec. 1982, 42, 347–349. 

29. Montezano, D.G.; Specht, A.; Sosa-gómez, D.R.; Roque-specht, V.F.; Paula-moraes, S.V. De; Peterson, J.A.; Hunt, T.E. Develop-

mental parameters of Spodoptera frugiperda ( Lepidoptera : Noctuidae ) immature stages under controlled and standardized 

conditions. J. Agric. Sci. 2019, 11, 76–89, doi:10.5539/jas.v11n8p76. 

30. Gotthard, K.; Nylin, S.; Wiklund, C. Adaptive variation in growth rate: life history costs and consequences in the speckled wood 

butterfly, Pararge aegeria. Oecologia 1994, 99, 281–289, doi:10.1007/BF00627740. 

31. Su, Y.; Li, X.; Zhang, W.; Zhang, B.; Ma, C. Sen Dynamics of heat shock protein responses to thermal stress changes after meta-

morphosis in a lepidopteran insect. Arch. Insect Biochem. Physiol. 2021, 107, 1–12, doi:10.1002/arch.21791. 

32. Agbodzavu, M.K.; Osiemo-Lagat, Z.; Gikungu, M.; Ekesi, S.; Fiaboe, K.K.M. Temperature-dependent development , survival 

and reproduction of Apanteles hemara ( Nixon ) ( Hymenoptera : Braconidae ) on Spoladea recurvalis ( F .) ( Lepidoptera : Cram-

bidae ). Bull. Entomol. Res. 2020, 110, 577–587, doi:10.1017/ S0007485319000920. 

33. Kaplan, E.L.; Meier, P. Nonparametric estimation from incomplete observations. J. Am. Stat. Assoc. 1958, 53, 457–481. 

34. Ali, A.; Luttrell, R.G.; Schneider, J.C. Effects of temperature and larval diet on development of the fall armyworm (Lepidoptera: 

Noctuidae ). Ann. Entomol. Soc. Am. 1990, 83, 725–733. 

35. Simmons, A.M. Effects of constant and fluctuating temperatures and humidities on the survival of Spodoptera frugiperda pupae 

( Lepidoptera : Noctuidae ). Florida Entomol. Soc. 1993, 76, 333–340. 

36. Valdez-Torres, J.B.; Soto-Landeros, F.; Osuna-Enciso, T.; Báez-Sañudo, M.A. Phenological prediction models for white corn (Zea 

mays L.) and fall armyworm (Spodoptera frugiperda J.E. Smith). Agrociencia 2012, 46, 399–410. 

37. Dahi, H.F.; Salem, S.A.R.; Gamil, W.E.; Mohamed, H.O. Heat requirements for the fall armyworm Spodoptera frugiperda ( J . E . 

Smith ) as a new invasive pest in Egypt. Egypt. Acad. J. Biol. Sci. 2020, 13, 73–85. 

38. Campbell, A.; Frazer, B.D.; Gilbert, N.; Gutierrez, A.P.; Mackauer, M. Temperature requirements of some Aphids and their 

parasites. J. Appl. Ecol. 1974, 11, 431–438. 

39. Damos, P.T.; Savopoulou-Soultani, M. Temperature-dependent bionomics and modeling of Anarsia lineatella ( Lepidoptera : 

Gelechiidae ) in the laboratory. J. Econ. Entomol. 2008, 101, 1557–1567, doi:10.1603/0022-0493(2008)101. 

40. Briere, J.F.; Pracros, P.; Roux, A.Y.; Pierre, J.S. A novel rate model of temperature-dependent development for arthropods. En-

viron. Entomol. 1999, 28, 22–29, doi:10.1093/ee/28.1.22. 

41. Shi, P.; Ge, F. A comparison of different thermal performance functions describing temperature-dependent development rates. 

J. Therm. Biol. 2010, 35, 225–231, doi:10.1016/j.jtherbio.2010.05.005. 

42. Taylor, F. Ecology and Evolution of Physiological Time in Insects. Am. Nat. 1981, 117, 1–23. 

43. Kontodima, D..; Eliopoulos, P..; Stathas, G..; Economou, L.. Comparative temperature-dependent development of Nephus in-

cludens (Kirsch) and Nephus bisignatus (Boheman) (Coleoptera: Coccinellidae) Preying on Planococcus citri (Risso) (Homoptera: 

Pseudococcidae): evaluation of a linear and various nonlinear models us. Environ. Entomol. 2004, 33, 1–11. 

44. Marchioro, C.A.; Krechemer, S.; Foerster, L.A. Estimating the development rate of the tomato leaf miner , Tuta absoluta ( Lepi-

doptera : Gelechiidae ), using linear and non-linear models. Pest Manag. Sci. 2017, 73, 1486–1493, doi:10.1002/ps.4484. 

45. Sandhu, H.S.; Nuessly, G.S.; Webb, S.E.; Cherry, R.H.; Gilbert, R.A. Temperature-dependent development of Elasmopalpus lig-

nosellus (Lepidoptera: Pyralidae ) on sugarcane under laboratory conditions. Physiol. Ecol. 2010, 39, 1012–1020, 

doi:10.1603/EN09284. 

46. Symonds, M.R.E.; Moussalli, A. A brief guide to model selection, multimodel inference and model averaging in behavioural 

ecology using Akaike’s information criterion. Behav Ecol Sociobiol 2011, 65, 13–21, doi:10.1007/s00265-010-1037-6. 

47. Karban, R.; Valpine, P.D. Population dynamics of an Arctiid caterpillar – tachinid parasitoid system using state-space models. 

J. Anim. Ecol. 2010, 650–661, doi:10.1111/j.1365-2656.2010.01664.x. 

48. Marco, V.; Taberner, A.N.A.; Castanera, P. Development and survival of immature Aubeonymus mariaefranciscae (Coleoptera : 

Curculionidae ) at constant temperatures. Ann. Entomol. Soc. Am 1997, 90, 169–176. 

49. Barfield, C.S.; Mitchell, E.R.; Poe, S.L.B. A temperature-dependent model for Fall Armyworm development. Florida Agric. Exp. 

Stn. J. 1978, 669, 70–74. 



Insects 2022, 13, 1084 14 of 14 
 

 

50. Hance, T.; Baaren, J. Van; Vernon, P.; Boivin, G. Impact of extreme temperatures on parasitoids in a climate change perspective. 

Annu. Rev. Entomol. 2007, 52, 107–260, doi:10.1146/annurev.ento.52.110405.091333. 

51. Jacques, J.; Sampaio, F.; Talissa, H.; Marchioro, C.A. Climate change and voltinism of Mythimna sequax: the location and choice 

of phenological models matter. Agric. For. Entomol. 2019, 21, 431–444, doi:10.1111/afe.12350. 

52. Borchert, D.M.; Stinner, R.E.; Walgenbach, J.F.; Kennedy, G.G. Oriental fruit moth ( Lepidoptera : Tortricidae ) phenology and 

management with methoxyfenozide in North Carolina apples. J. Econ. Entomol 2004, 97, 1353–1364. 

53. Santos, H.T. Dos; Marchioro, C.A. Selection of models to describe the temperature-dependent development of Neoleucinodes 

elegantalis (Lepidoptera: Crambidae) and its application to predict the species voltinism under future climate conditions. Bull. 

Entomol. Res. 2021, 111, 476–484, doi:10.1017/S0007485321000195. 

54. Sampaio, F.; dos Santos, H.T.; Marchioro, C.A. Differences in thermal tolerances between two soybean pests may differently 

affect their voltinism under climate change. Agric. For. Entomol. 2022, 24, 380–389, doi:10.1111/afe.12501. 

55. Marchioro, C.A.; Krechemer, F.S.; Moraes, C.P.; Foerster, L.A. A stochastic model for predicting the stage emergence of Plutella 

xylostella under field conditions. Ann. Appl. Biol. 2016, 169, 190–199, doi:10.1111/aab.12290. 


