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Temperature-Dependent Development and Survival of Fall Armyworm, Spodoptera frugiperda


ABSTRACT
The present investigation evaluated the effect of temperature on the development, survivability, and life history of the fall armyworm, Spodoptera frugiperda, under controlled conditions. Climate change significantly influences fall armyworm development and survival, with temperature acting as the primary abiotic driver. Accordingly, larvae were reared at 22, 26, 30, and 34 °C under 65 ± 5% relative humidity and 14:10 h light:dark photoperiod. The results revealed that temperature significantly impacted the egg incubation period, larval, and pupal durations, which decreased with increasing temperature, while adult longevity and total lifespan were longer at cooler temperatures. Females consistently outlived males across all temperature regimes. Egg hatching, larval survival, pupation, and adult emergence were highest at 22–26 °C and declined at higher temperatures, indicating thermal stress. These findings demonstrate that temperature is a key factor influencing the developmental biology and survival of S. frugiperda, providing essential insights for predicting outbreaks and implementing effective pest management strategies. 
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1. INTRODUCTION
[bookmark: _Hlk216369302]The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith), is an invasive, highly polyphagous lepidopteran pest native to the tropical Americas (Cruz et al., 1999; Prasanna et al., 2021). Its larvae feed on a diverse range of crops, particularly important cereals such as maize, rice, and sorghum (Volp et al., 2022). S. frugiperda is also recognized as a key pest of maize (Barfield et al., 1978). The earliest report of FAW in India dates back to June 2018, when it was identified in maize research plots at the University of Agricultural and Horticultural Sciences in Shivamogga, Karnataka (Sharanabasappa et al., 2018). The FAW lacks diapause, so its survival during colder periods depends on the availability of suitable overwintering sites for larvae and pupae (Wood et al., 1979). FAW development, reproduction, and movement are strongly influenced by temperature, and numerous modeling studies have examined its potential spread under varying climate conditions (Montezano et al., 2019; Du Plessis et al., 2020; Huang et al., 2021). Being an invasive pest, S. frugiperda is strongly affected by temperature, which governs its growth, reproductive capacity, and distribution (Ziska et al., 2011). Higher temperatures typically accelerate the developmental rates of invasive insects (Forrest, 2016).
Temperature is a key environmental factor governing insect physiology, as it regulates metabolism, development, growth, survival, and reproduction, thereby influencing population dynamics and spatial distribution (Huey and Kingsolver, 1989; Bale et al., 2002; Hance et al., 2007). It affects the duration of each larval instar and the total number of instars before reaching adulthood (Aguilon and Velasco, 2015). Climate-driven increase in temperature is expected to amplify pest infestations by accelerating growth rates and metabolic processes, thus intensifying pressure on crop systems (Deutsch et al., 2018), and facilitating pest spread into new regions with suitable environmental conditions (Lehmann et al., 2020). Temperature also influences the performance of parasitoids and other natural enemies of pests (Hance et al., 2007; Jeffs and Lewis, 2013), which are essential components of biological control and integrated pest management (IPM) strategies. Accordingly, this study focuses on evaluating the effects of temperature on the developmental stages and survival rates of S. frugiperda, aiming to clarify the relationship between thermal conditions and the pest’s development and survival under varying temperatures.
2. MATERIAL AND METHODS
	The present study was conducted at the Biocontrol Research and Production Center, Department of Entomology, College of Agriculture, JNKVV, Jabalpur, during 2023–2025. Larvae of S. frugiperda were collected from maize fields at JNKVV and reared individually in plastic vials (3 × 7 cm) on maize leaves (cv. JM-218) until pupation, with daily cleaning and fresh leaf supply for feeding. Pupae were sexed following Butt (1962), and seven pairs of newly emerged male and female adults were transferred to muslin-covered plastic containers (15 × 16 cm). Adults were fed 10% honey solution, and blotting paper strips served as oviposition substrates. 
The F₂ progeny were used for experiments under four controlled temperature regimes (22 ± 2°C, 26 ± 2°C, 30 ± 2°C, and 34 ± 2°C), 65 ± 5% relative humidity, and a 14:10 h light/dark cycle using a BOD incubator, with four replications per treatment (Farahani et al., 2011; Du Plessis et al., 2020). The observation on the duration of each life stage of S. frugiperda including egg incubation period, larval and pupal development duration, and stage-specific survivability were recorded. A total of four treatments were evaluated, with 20 samples (insects) assigned to each replicate, and the experiment was conducted with four replications.
The data on egg hatching and incubation periods were recorded as per suggested by Vishwakarma et al. (2022).
STATISTICAL ANALYSIS
	Data were analyzed using SPSS software based on a one-way factorial CRD ANOVA. A 5% significance level was adopted, and DMRT was performed to separate the treatment means.
3. RESULT AND DISCUSSION
3.1 Incubation period
The data presented in Table 1 showed the incubation period, which represented the duration required for an insect egg to undergo embryonic development and hatch. It began when the egg was laid and ended with the emergence of the larva. The incubation period of S. frugiperda eggs exhibited significant temperature-dependent variation. The maximum duration was observed at 22 °C (3.77 days), followed by 26 °C (3.23 days). In contrast, the minimum incubation period was recorded at 34 °C (2.37 days) and 30 °C (2.48 days), with no statistically significant difference between the two, indicating that elevated temperatures accelerated embryonic development. Similar trends were reported by Chen et al. (2022), Huang et al. (2021), Dahi et al. (2020), and Du Plessis et al. (2020), who documented a reduction in egg development duration with increasing temperature. Tata et al. (2025) reported that the incubation period of S. frugiperda decreased as temperature increased, ranging from 3.06 days (3–4 days) at 20 °C to 1.67 days (1–2 days) at 35 °C. Lee et al. (2022) and Prasad et al. (2022) also confirmed an inverse relationship between temperature and egg development time.

3.2 Developmental duration of larval instars
Temperature exerted a significant influence on the mean developmental periods of S. frugiperda larval instars (Table 2). The longest durations across the six instars were recorded at 22 °C (3.62, 3.12, 3.59, 4.22, 3.05, and 3.39 days), followed by 26 °C (3.01, 2.92, 3.12, 3.55, 2.34, and 3.14 days). In contrast, the shortest developmental times were observed at 34 °C (2.08, 2.30, 2.63, 3.00, 2.25, and 2.15 days). This pattern clearly indicated a negative correlation between temperature and developmental duration, consistent with the typical physiological responses of poikilothermic insects. Du Plessis et al. (2020), Dahi et al. (2020), and Savadatti et al. (2023) similarly reported that larval development time in S. frugiperda decreased as temperature increased. Malekera et al. (2022) also noted that larval development was strongly influenced by temperature. Likewise, Lee et al. (2022) found that total larval duration decreased progressively as temperature increased from 16 °C to 36 °C, indicating that higher temperatures accelerated development, which was consistent with the present findings.

3.3 Pupal period
The pupal period data presented in Table 1 referred to the time interval between the formation of the pupa and the emergence of the adult insect. A clear temperature-dependent decline in the pupal duration of S. frugiperda was observed. Pupae required the longest developmental time at 22 °C (14.87 days), followed by 26 °C (12.80 days). The minimum pupal period was recorded at 34 °C (10.20 days) and 30 °C (11.20 days), which were statistically comparable. Overall, the findings revealed a distinct inverse relationship between temperature and pupal development time. Similar results were reported by Dahi et al. (2020), Du Plessis et al. (2020), Malekera et al. (2022), Tata et al. (2025), Padukone and Sheldon (2025), Sarkar et al. (2021), Lee et al. (2022), and Prasad et al. (2022), who all confirmed that increasing temperature reduced the pupal period.

3.4 Adult longevity
3.4.1 Female
Female longevity in S. frugiperda was strongly influenced by temperature. The longest lifespan was recorded at 22 °C (12.13 days), which decreased to 10.04 days at 26 °C. Higher temperatures caused pronounced reductions, with females surviving only 6.32 days at 34 °C (Table 1).
3.4.2 Male
A consistent reduction in male S. frugiperda longevity was observed with increasing temperature. The maximum lifespan occurred at 22 °C (10.06 days), followed by declines to 7.70 and 6.50 days at 26 °C and 30 °C, respectively. The shortest lifespan was recorded at 34 °C, where males lived only 5.68 days (Table 1).
This pattern indicated that cooler temperatures promoted extended adult longevity, whereas elevated temperatures accelerated metabolic activity, resulting in a reduced lifespan. Comparable findings were reported by Vickery (1929), Patle (2020), Savadatti et al. (2023), Sabra et al. (2022), Garcia et al. (2018), Heo et al. (2022), and Chen et al. (2022), all of whom documented a negative association between temperature and adult longevity. These studies also showed that longevity declined with increasing temperature and that female adults consistently survived longer than males across all temperature regimes.

3.5 Total lifespan
The total lifespan referred to the cumulative time an insect spent across all developmental stages—egg, larva, pupa, and adult—measured from oviposition or egg hatch until adult death (Table 1).
3.5.1 Female
A pronounced temperature effect was observed on the total lifespan of female S. frugiperda. Females lived the longest at 22 °C (34.28 days), while the shortest longevity was noted at 34 °C (27.44 days), which showed no significant difference from the value recorded at 30 °C (27.75 days) (Table 1).
3.5.2 Male
Temperature significantly affected the total lifespan of male S. frugiperda. Males survived the longest at 22 °C (31.05 days), whereas the shortest lifespan was observed at 34 °C (25.19 days) (Table 1).
The results indicated a clear decline in the total lifespan of S. frugiperda with increasing temperature. At all tested temperatures, females consistently lived longer than males. These findings were in agreement with the observations of Du Plessis et al. (2020), Malekera et al. (2022), Tata et al. (2025), and Lee et al. (2022), who similarly reported that higher temperatures shortened the egg-to-adult development period of S. frugiperda. Overall, the collective evidence demonstrated that as temperature increased, the total lifespan of S. frugiperda decreased.
Table 1. Impact of temperature on incubation period, development duration, adult longevity and life span of S. frugiperda
	Temperatures (˚C)
	Incubation period*
	

Pupal period (days)*
	Longevity (days)*

	Total life span (Egg to adult) (days)*

	
	
	
	Female
	Male
	Female
	Male

	22
	3.77
(2.17)a
	14.87 (3.98)a
	12.13 (3.66)a
	10.06 (3.32)a
	34.28
(5.94)a
	31.05
(5.66)a

	
26
	3.23
(2.05)ab
	12.80 (3.71)b
	10.04
(3.32)b
	7.70
(2.95)b
	30.06
(5.57)b
	28.83
(5.46)ab

	
30
	2.48
(1.85)b
	11.20 (3.49)c
	8.33
(3.05)c
	6.50 (2.74)bc
	27.75
(5.36)c
	26.32
(5.23)bc

	
34
	2.37
(1.83)b
	10.20 (3.34)c
	6.32
(2.70)d
	5.68
(2.58)c
	27.44
(5.33)c
	25.19
(5.11)c

	
Mean
	2.96
(1.86)
	12.27
(3.57)
	9.21
(3.12)
	7.48
(2.23)
	29.88
(5.51)
	27.85
(5.32)

	SEm±
	0.08
	0.05
	0.07
	0.08
	0.06
	0.09

	CD at 5%
	0.26
	0.17
	0.22
	0.25
	0.19
	0.29


The means followed by the same letters within column are non-significant (P <0.05, DMRT)
*= Figures in parentheses are square root transformed values

Table 2. Temperature dependent changes in larval development of S. frugiperda
	Temperatures (˚C)
	Mean developmental period of immature stages of S. frugiperda (days)*

	
	First
	Second
	Third
	Fourth
	Fifth
	Sixth

	22
	3.62
(2.14)a
	3.12
(2.03)a
	3.59
(2.14)a
	4.22
(2.28)a
	3.05
(2.01)a
	3.39
(2.09)a

	26
	3.01
(2.00)ab
	2.92
(1.97)ab
	3.12
(2.02)ab
	3.55
(2.13)b
	2.34
(1.82)b
	3.14
(2.03)a

	30
	2.52
(1.87)b
	2.31
(1.81)b
	2.92
(1.98)b
	3.36
(2.08)b
	2.46
(1.86)b
	2.70
(1.92)ab

	34
	2.08
(1.74)b
	2.30
(1.81)b
	2.63
(1.90)b
	3.00
(2.04)b
	2.25
(1.80)b
	2.15
(1.77)b

	Mean
	2.81
(1.82)
	2.66
(1.78)
	3.06
(1.89)
	3.58
(2.02)
	2.52
(1.74)
	2.49
(1.73)

	SEm±
	0.08
	0.05
	0.04
	0.04
	0.04
	0.06

	CD at 5%
	0.25
	0.15
	0.14
	0.14
	0.12
	0.20


The means followed by the same letters in within are non-significant (P <0.05, DMRT)
* = Figures in parentheses are square root transformed values


3.6 Survivability of S. furgiperda 
3.6.1 Egg hatching percentage
Higher hatching percentages resulted in more larvae, potentially increasing population density. The maximum hatchability was recorded at 26 °C (92.52%), followed closely by 22 °C (87.47%), while the minimum hatchability occurred at 34 °C (65.68%). These results indicated that moderate temperatures in the range of 22–26 °C were optimal for egg survival, whereas higher temperatures negatively affected hatching success (Table 3). Savadatti et al. (2023), Sarkar et al. (2021), and Sabra et al. (2022) also reported 26 °C as the optimum temperature for egg hatching. Similarly, Wang et al. (2004) found that egg hatching in S. frugiperda was significantly influenced by temperature.

3.6.2 Larval survival percentage
Larval survival of S. frugiperda was strongly influenced by temperature, with significant differences observed across all instars. The highest survival rates were recorded at 26 °C (86.68, 91.21, 92.81, 90.14, 95.69, and 93.73% for the 1st to 6th instars), followed by 22 °C (76.67, 87.21, 89.03, 81.98, 86.10, and 88.07%). In contrast, the lowest survival occurred at 34 °C (67.27, 61.54, 74.49, 67.71, 77.83, and 78.23%) across all larval stages (Table 3). Similar findings were reported by Du Plessis et al. (2020), Savadatti et al. (2023), and Padukone and Sheldon (2025), who noted that larval survival was strongly temperature-dependent, with the highest survival rates occurring within the 26–30 °C range. Lee et al. (2022) also confirmed that the survival rate of S. frugiperda larvae was significantly affected by temperature. 

3.6.3 Pupation
Pupation percentage referred to the proportion of larvae that successfully transformed into pupae out of the total number of larvae that hatched. It reflected the efficiency of larval development and indicated how many individuals survived through all larval instars to reach the pupal stage. The percentage of larvae successfully undergoing pupation was strongly influenced by temperature. Maximum pupation occurred at 26 °C (95.29%) and 22 °C (94.66%), with no significant difference between them, while the minimum pupation was recorded at 34 °C (77.86%). These results indicated that higher temperatures induced thermal stress, thereby hindering pupal formation and development (Table 3). Comparable findings were reported by Padukone and Sheldon (2025), who observed that pupation was optimal between 22–26 °C, whereas elevated temperatures resulted in reduced pupation success.

3.6.4 Adult emergence
Adult emergence reflected successful survival and development during the pupal stage. The data presented in Table 3 indicated that adult emergence in S. frugiperda varied with temperature, reaching its maximum at 26 °C (96.84%), followed by 22 °C (92.63%), and declining to its minimum at 34 °C (84.92%). These results were in agreement with the findings of Patle (2020) and Bheem Rao (2020) for S. frugiperda and S. litura, respectively, who reported the highest adult emergence between 20–25 °C. Similarly, Simmons and Marti (1992) observed that pupal eclosion was most favorable within the 20–30 °C range, while temperatures above this threshold negatively affected adult emergence.


Table 3. Egg hatching, Larval survival, Pupation and Adult emergence (%) of S. 
frugiperda under different temperature

	Temperatures (˚C)
	Egg Hatching (%) #
	Larval survival at different instars (%) #
	Pupation (%) #
	Adult emergence (%) #

	
	
	First
	Second
	Third
	Fourth
	Fifth
	Sixth
	
	

	22
	87.47 (69.47)a
	76.67
(61.13)b
	87.21
(69.18)ab
	89.03
(70.73)ab
	81.98
(65.08)b
	86.10
(68.43)b
	88.07
(70.58)ab
	94.66 (76.63)a
	92.63
(74.24)b

	26
	92.52 (74.85)a
	86.68
(68.70)a
	91.21
(74.08)a
	92.81
(74.70)a
	90.14
(72.41)a
	95.69
(78.91)a
	93.73
(76.06)a
	95.29 (77.89)a
	96.84
(79.81)a

	30
	77.21 (61.55)b
	72.30
(58.24)bc
	76.66
(61.17)b
	82.65
(65.77)bc
	73.54
(59.06)bc
	82.23
(65.22)b
	83.13
(65.87)b
	89.46 (71.14)b
	89.06 (70.69)c

	34
	65.68 (54.14)c
	67.27
(55.09)c
	61.54
(51.69)c
	74.49
(60.07)c
	67.71
(55.41)c
	77.83
(61.93)b
	78.23
(62.55)b
	77.86 (61.98)c
	84.92
(67.14)d

	Mean
	80.72 (63.93)
	75.73
(60.47)
	79.40
(62.99)
	84.74
(66.99)
	78.34
(62.24)
	85.46
(66.76)
	85.79
(67.83)
	89.32(70.90)
	90.86 (72.38)

	SEm±
	2.00
	1.05
	1.76
	2.66
	2.25
	2.19
	2.84
	1.42
	0.62

	CD at 5%
	6.24
	3.29
	5.50
	8.30
	7.03
	6.82
	8.85
	4.42
	1.93



The means followed by the same letters within column are non-significant (P <0.05, DMRT)
 #= Figure in parentheses are arcsin transformed values	

4. CONCLUSION
The present study demonstrated that temperature played a pivotal role in shaping the developmental biology, survivability, and life cycle of S. frugiperda. Cooler temperatures (22–26 °C) prolonged developmental periods, enhanced survival rates, and supported higher pupation and adult emergence, whereas elevated temperatures (30–34 °C) accelerated development but imposed thermal stress, thereby reducing survival and lifespan. Female insects consistently exhibited greater longevity than males under all temperature regimes. These results underscored the sensitivity of fall armyworm to temperature fluctuations and highlighted the importance of considering thermal conditions when forecasting population dynamics and designing integrated pest management strategies. Understanding these temperature-dependent patterns may aid in mitigating crop losses caused by this invasive pest.
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