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Simple Summary: Spodoptera litura (Fabricius, 1775) is a significant economic pest that has
successfully invaded Africa and Asia in recent years. This study systematically evaluated
the life history traits of S. litura under different temperature, photoperiod, and humidity
conditions. The results showed that at 30-35 °C, the physiological activity of S. litura
peaked, with a significant reduction in the duration of developmental stages, increased
female oviposition, shortened pupal and adult lifespans, and an accelerated generational
cycle. These findings provide critical insights into predicting population dynamics and
offer valuable guidance for developing effective management strategies.

Abstract: Spodoptera litura (Fabricius, 1775) is a major agricultural pest that primarily targets
vegetables, cash crops, peanuts, and sugarcane. It causes damage to leaves, flower buds,
and fruits, leading to significant reductions in crop yields. Global climate change may
profoundly affect the population dynamics and biological traits of this pest. This research
employs a meta-analysis to systematically investigate the impact of temperature variation
on the developmental parameters of S. litura. A detailed review of 17 relevant studies
reveals that within an optimal temperature range (30 °C to 35 °C), higher temperatures
expedite the developmental processes of S. litura, shorten its life cycle, and enhance the
reproductive potential of female adults. In contrast, temperatures exceeding 35 °C slow
down its development, increase mortality rates, and markedly reduce the egg-laying capac-
ity of females, highlighting the adverse effects of heat stress on growth and reproduction.
Furthermore, different life stages of S. litura exhibit varying degrees of temperature sen-
sitivity, with the larval stage being particularly vulnerable to high temperatures, while
extreme heat significantly suppresses adult survival. These meta-analysis findings shed
light on the biological responses of S. litura to climate change and provide a scientific basis
for developing future pest management strategies. As global temperatures rise, moderate
warming may facilitate the spread of S. litura populations, exacerbating their threat to crop
production, whereas extreme heat conditions could constrain their growth. Consequently,
pest control strategies must be more region-specific and aligned with local climatic trends.
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1. Introduction

Climate change has become one of the most challenging environmental issues facing
modern agricultural ecosystems, profoundly influencing the occurrence and development
of crop pests and diseases [1,2]. Changes in climate factors such as temperature, precipita-
tion, and atmospheric CO, concentration have not only altered the dynamics of agricultural
ecosystems but also had far-reaching impacts on pest growth and development, repro-
ductive capacity, migration behavior, and biodiversity [3-5]. In this context, S. litura, as
a major pest in global agricultural production, may experience significant changes in its
biological characteristics due to the effects of climate change, potentially posing a threat to
agricultural production [6,7]. Investigating the impact of climate change on the biological
characteristics of S. litura is crucial for developing effective pest control strategies.

Spodoptera litura (Fabricius, 1775) is widely distributed across agricultural regions
globally, particularly in tropical and subtropical areas, where its larvae primarily feed on
crops, especially maize, soybeans, and cotton [8]. As a polyphagous pest active both day
and night, S. litura can adapt to various climatic conditions, and its growth, development,
reproductive capacity, and migration behaviors are highly sensitive to climate change [9].
In recent years, with the intensification of global climate change, the distribution and
frequency of S. litura occurrences have expanded, posing an increasing challenge to agricul-
tural production [10]. Climate change impacts S. litura’s development rate, reproductive
potential, survival rate, and population dynamics, directly or indirectly altering its bio-
logical characteristics [11,12]. Therefore, systematically assessing the combined effects of
climate factors, particularly changes in temperature and humidity, on S. litura will provide
scientific evidence for early pest warning systems and effective pest control strategies.

Existing studies have shown that temperature is a key factor influencing the biological
characteristics of S. litura [13,14]. Higher temperatures typically accelerate its life cycle,
shorten the duration of each developmental stage, increase generation turnover, and lead to
population outbreaks [15]. However, excessively high temperatures may exceed the species’
adaptive capacity, resulting in increased mortality or incomplete development [16]. Addi-
tionally, humidity and photoperiod may significantly impact the survival and distribution
of S. litura [17]. Droughts or extreme precipitation events not only affect habitat suitability
but may also alter the availability of food resources [18]. Therefore, comprehensively
assessing the impact of these climate factors on S. litura will help provide more targeted
strategies for pest management.

Although previous studies have explored the effects of climate change on the biological
characteristics of S. litura, there are some discrepancies and uncertainties due to differences
in research methods, climate scenarios, and regional contexts. Meta-analysis, as an effective
statistical approach, can integrate the results of different studies, quantify the overall impact
of climate change on the biological characteristics of S. litura, and reveal the magnitude
and direction of the effects of various climate factors [19]. This study uses meta-analysis to
address the following questions: How does climate change affect the development rate,
reproductive potential, and survival rate of S. litura? The findings will not only contribute
to a deeper understanding of the ecological responses of S. litura under climate change but
also provide data support and theoretical foundations for future pest prediction models
and control strategies.

2. Materials and Methods
2.1. Literature Search

In this study, we employed a systematic literature review approach, gathering relevant
research from various databases [20]. The literature search was conducted between August
and October 2024, primarily focusing on Web of Science, PubMed, Scopus, and CNKI
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Additionally, the reference lists of related review articles were manually examined by us
to identify studies not indexed in these databases. The search terms included “Spodoptera
litura”, “climate change” (including “global warming” or “climate change”), “temperature”,
“humidity” (or “precipitation”), and “biological traits” (such as “biological traits”, “life
history traits”, “development”, or “reproduction”). Boolean operators (AND, OR) were
used to ensure comprehensive coverage of the relevant literature [21].

The selection process was conducted in two steps. In the first step, titles and abstracts
were screened to exclude studies unrelated to climate change or S. litura. In the second step,
a full-text review was performed to exclude studies that did not meet the inclusion criteria.
The inclusion criteria required the study to explicitly investigate the effects of climate factors,
such as temperature and humidity, on biological traits of S. litura (e.g., developmental rate,
reproductive capacity, survival rate). Studies were also required to include a control group
and provide clear documentation of experimental conditions (e.g., temperature range,
humidity levels). Additionally, the study had to provide data suitable for meta-analysis
(e.g., means, standard deviations, sample sizes) or data that could be extracted from figures.
Exclusion criteria included studies lacking a control group, those based solely on theoretical
models, studies unrelated to S. litura biological traits or climate factors, and studies that

did not provide sufficient statistical data for meta-analysis.

2.2. Data Extraction

Data were gathered from studies that met the inclusion criteria. The key variables
included temperature (experimental treatment temperatures in °C), relative humidity, and
biological traits (such as development rate, generation time, and reproductive metrics
like egg-laying ability). For studies lacking direct statistical details, such as standard
deviations or sample sizes, the required data were retrieved from figures using graphical
extraction tools like WebPlotDigitizer (v5). In cases of multivariate experiments or studies
with multiple treatment groups, each treatment was treated as an independent effect size
for analysis.

2.3. Statistical Analysis

The analysis was conducted using the “rma.mv” function from the “metafor” package
in R version 4.3 [22]. A random-effects model was applied to calculate the relative risk
(RR+) and estimate variance (I?) between cases using restricted maximum likelihood
(REML) [23-25]. Explanatory variables were added to the model based on the I? value. The
overall mean effect size of temperature across all treatment groups was determined using
a random-effects model [26]. Statistical tests, including mean effect size, 95% confidence
intervals (CI), Qt, and 12, were performed. “Qt” is used to represent the total heterogeneity
statistic (the overall value of Cochran’s Q) after combining all included studies, which
helps to assess whether there are significant differences between the study results.

Meta-analyses were conducted to assess the impact of temperature on various bio-
logical traits of S. litura across different developmental stages. Both random-effects and
fixed-effects models were used, with the random-effects model preferred due to significant
heterogeneity in experimental locations and methods [27].

In this analysis, temperature and relative humidity were treated as independent
variables, while the biological traits of S. lifura were the dependent variables. Effect sizes
were calculated using the Log Response Ratio (LRR) [28], with statistical significance
assessed through 95% confidence intervals. Subgroup analyses were performed to examine
the influence of temperature and relative humidity on S. lifura’s biological traits.

Heterogeneity was assessed using Q statistics and the I? index [29]. The I? value
indicates the extent of variability, with higher values signifying greater heterogeneity.
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The heterogeneity statistic was calculated by testing the weighted sum of squares based
on a k-1 distribution. If the 95% confidence interval of the effect size includes 0, there
is no significant difference between the experimental and control groups (p > 0.05). If
the confidence interval is entirely above 0, the experimental group shows a significantly
larger effect size (p < 0.05). Conversely, if the confidence interval is entirely below 0, the
experimental group shows a smaller effect size (p < 0.05).

Explanatory variables were included based on the significance of the cumulative effect
size relative to zero and the p-value of Qt. Key variables considered included the effects
of humidity and photoperiod on the cumulative effect size. Temperature was treated as
a continuous variable to assess its impact on the mean effect size. In the meta-analysis,
heterogeneity was divided into between-group variance (explained by categorical factors)
and within-group residual variance, with statistical significance assessed using a k-1 test.
Publication bias was evaluated using funnel plots and radar charts [30,31]. If bias was
detected, the “trim and fill” method was used to correct it [32].

3. Results
3.1. Literature Search and Screening Results

A comprehensive search identified 751 studies that could potentially be relevant. In
the initial screening, 508 studies not related to the research topic were removed. After a
thorough full-text review of the remaining 243 studies, 17 studies that fulfilled the inclusion
criteria were selected. These studies investigated the impact of various climate factors, such
as temperature and humidity, on the biological traits of S. litura. A total of 857 datasets were
extracted from these 17 studies, covering the following parameters: 1st instar (n = 43), 2nd
instar (n = 43), 3ird instar (n = 43), 4th instar (n = 43), 5th instar (n = 43), 6th instar (n = 43),
adult longevity (female), n = 51), adult longevity (male), n = 47), adult stage (n = 26), egg
(n = 105), egg-to-adult (n = 16), generation (n = 28), oviposition (n = 8), pre-oviposition
(n = 35), pre-pupa (n = 15), pupa (n = 116), fertility (n = 31), and larval stage (n = 121). In
addition, the overall impact of temperature changes on S. litura was analyzed (Table 1).

Table 1. Data volume of S. litura after screening. (TR represents the temperature range, CT represents
the control group temperature, and 1 represents the sample size).

TR CT n Variable
17-34 °C 17°C 43 1st instar
17-34 °C 17°C 43 2nd instar
17-34°C 17 °C 43 3ird instar
17-34 °C 17°C 43 4rth instar
17-34 °C 17 °C 43 5th instar
17-34 °C 17 °C 43 6th instar
15-35°C 15°C 51 Adult longevity (Female)
15-35 °C 15°C 47 Adult longevity (male)
17-35 °C 17°C 26 Adult stage
15-38 °C 15°C 105 Egg
17-33 °C 17 °C 16 Egg to adult
17-35 °C 17°C 28 Generation
17-33 °C 17 °C 8 Oviposition
17-34°C 17 °C 35 Pre-oviposition
17-35°C 17 °C 15 Pre-pupa
15-38 °C 15°C 116 Pupa
17-35°C 17 °C 31 Fertility
15-38 °C 15°C 121 Larval stage

15-38 °C 15°C 857 Spodoptera litura
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3.2. Owverall Effect of Temperature on the Biological Traits of S. litura

After synthesizing the data from various studies and performing a meta-analysis, the
findings suggest that increasing temperature increases the adaptability of S. litura. The
overall mean effect size is —0.8077 (CI: —0.8509; —0.7645; Figure 1, Table 2, Figure S1). As
temperature rises, the duration of the oviposition period decreases, the oviposition rate
of female adults increases, egg hatching time shortens, the development period of 1st to
5th instar larvae is reduced, and adult longevity increases. However, there is no significant
effect on the development period of the 6th instar larvae or the pre-oviposition period
(Figure 2). By considering temperature as a continuous factor, the overall impact of temper-
ature variations on S. litura across different temperature ranges was observed. With rising
temperature, all physiological parameters of S. litura significantly increased (Figure 3A). As
the temperature rises, the physiological activity of S. litura peaks at 35 °C. However, when
temperatures exceeded 35 °C, there was a noticeable decline in all physiological indicators
(Figure 3B).

| | | | |
4 -2 0 2 4
Log response ratio

Figure 1. The effect of temperature changes on S. litura is presented. (Red line indicates the result
derived from the random-effects model, showing a total effect size of —0.8077 with a 95%CI ranging
from —0.8509 to —0.7645. In comparison, Black solid line represents the fixed-effects model result,
with a total effect size of —0.6888 and a 95%CI of —0.6898 to —0.6878. The blue solid line shows the
size of the cumulative effect).

Table 2. Results of subgroup analysis calculated using the random-effects model.

Variable Estimate SE Z p CLIb CL.ub Loglik AIC BIC
1st instar —-1.1675 0.0594 —19.6663 <0.0001 —1.2839 —1.0512 —19.9416 43.8832  47.3585
2nd instar —-0.8725 0.0619  —14.0993 <0.0001 —0.9938 —0.7512 —21.6789 473578  50.8331
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Table 2. Cont.

Variable Estimate SE Z 4 CLIb CL.ub Loglik AIC BIC
3ird instar —0.8763  0.0699  —12.5428 <0.0001 —1.0132 —-0.7393 —26.8192 57.6384  61.1137
4th instar —-0.72 0.1088 —6.6187  <0.0001 —0.9332 —0.5068 —45.3916 94.7831 98.2584
5th instar —-0.8143 0.0795 —10.2486 <0.0001 —-0.9701 —0.6586 —32.1914 68.3829  71.8582
6th instar 0.0597 0.0850 0.7018 0.4828 —0.1070 0.2263 —35.2275  74.4549 77.9303
Adult longevity (Female) —0.9734  0.0476  —20.4557 <0.0001 —1.0667 —0.8801 —17.2454  38.4908 42.3148
Adult longevity (male) —-1.1394  0.0558 —20.441 <0.0001  —1.2488 -1.03 —20.7576  45.5151 49.1724
Adult stage —1.0392  0.1132 —9.1778  <0.0001 —-1.2611 —0.8173 —21.6633 47.3266  49.7644
Egg —1.2022 0.054 —22.2472  <0.0001 —-1.3081 —1.0963 —85.7709 175.5419 180.8306
Egg to adult —-0.3387  0.0875 —3.8707 0.0001 —-0.5102 —-0.1672  —5.4890 14.9779 16.3940
Generation —0.9917  0.1043 —9.5097  <0.0001 —1.1961 —0.7873 —22.2479 484958  51.0874
Oviposition —0.9705  0.2411 —4.0252  <0.0001 —1.4434 04979 —7.2267 18.4534 18.3452
Pre—oviposition —0.092 0.083 —1.1081 0.2678 —0.2546  0.0707  —24.5303 53.0607  56.1134
Pre—pupa —1.0001  0.1071 —9.3409  <0.0001 —-1.2099 —0.7902  —7.5383 19.0766  20.3547
Pupa —0.9870 0.0432 —22.8742 <0.0001 —1.0716 —0.9025 —74.7748 153.5496 159.0394
Fertility 0.4685 0.1958 2.3926 0.0167 0.0847 0.8523 —46.5657 971315  99.9339
Larval stage —0.6795 0.0426 —15.9436  <0.0001 —0.763 —0.596  —79.0335 162.0671 167.642
Spodoptera litura —0.8077 0.022 —36.6432 <0.0001 —0.8509 —0.7645 —849.4961 1702.9922 1712.4967

Egg —_— -1.20 [1.31, -1.10]

1st instar ———— -1.17 [-1.28, -1.05]

2nd instar —— -0.87 [-1.01, -0.75]

3rd instar —— -0.88 [-1.01, -0.74]

4th instar —_———— -0.72[-0.93, -0.51]

5th instar —— -0.57 [-0.76, -0.39]

6th instar ——— 0.06 [-0.11, 0.23]

Adult longevity (Female) —— -0.97 [-1.07, -0.88]

Adult longevity (Male) ——— -1.14 [-1.25,-1.03]

Adult stage —— -1.04 [-1.26, -0.82]

Egg to adult —_— -0.34[-0.51, -0.17]

Generation —— -0.99 [-1.20, -0.79]

Pre-oviposition —_—— -0.09 [-0.25, 0.07]

Oviposition -0.97 [-1.44, -0.50]

Pre-pupa —_— -1.00[-1.21,-0.79]

Pupa — -0.99 [-1.07, -0.91]

Fertility - 0.47 [0.08, 0.85]
Larval stage —— -0.68 [-0.76, -0.60]
-15 -1.0 -0.5 0.0 0.5 1.0 15

Estimate

Figure 2. The effect of temperature changes on various physiological parameters of S. litura. (Blue
dots represent the total effect size, and the black solid lines represent the 95% upper and lower
confidence intervals).

A B
15 _— 0.081-0.26,0.10] 3 Observed data
7 _— 0.081-0.17,-001] —— Quadratic regression
18 —_— 0261-0.40,-0.11] 95% Confidence Interval
1 _— 031(-043,-020]
2 —_— 0.56-0.70,-0.42]
21 _— 0291-0.42,-0.16] 1
2 —_— 0591:0.76,-0.41]
23 _— 0.721:0.90,-0.54]
_ 0.771:0.92,-0.63]

2 « O
2 _— 0.771-0.89,-0.661 4

26| — 1.01(-1.19, -0.82) =

2 —_— 085 1-0.94,-077] -1

2 —_— 0.811:0.98,-0.65)

29 —_— 0.89 [117,-0.61]

Temperature (‘C)

30 D —— 117 (1,30, -1.05)
B —_— 1.04(131,-0.77)
3 _— 1.15(-1.34,-0.97)
uf — 1.33(-1.56,-1.10)
35 _— 140152, -1.28)

» —_— 1.2611.49,-1.08)
g o5 15 20 25 30 35

~05
Estimate Temperature

Figure 3. The impact of temperature changes on the developmental rate of S. litura is illustrated. Panel
(A) shows how the physiological characteristics of S. litura vary with increasing temperature. The
magnitude of the mean value reflects the impact of temperature: smaller mean values indicate a faster
developmental rate, while larger mean values suggest a slower rate. (B) presents the temperature
range curve that identifies the optimal growth conditions for S. litura.
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3.3. The Impact of Temperature on Development Period

Temperature has a significant impact on the hatching rate and developmental speed
of S. litura eggs (Figure 4A), with an overall average effect size of —1.2022 (CI: —1.3081;
—1.0963; Figure 52, Table 2). The temperature-response curve analysis revealed that 34 °C is
the optimal temperature for egg development (Figure 4B). At this temperature, the hatching
rate is highest, and the developmental speed is fastest, indicating that 34 °C provides the
ideal conditions for egg growth. Both higher and lower temperatures result in a marked
decline in hatching rate and developmental speed. Additionally, the optimal humidity for
the egg stage was found to be 60%, with this relatively low humidity being sufficient to
support normal egg development. Regarding photoperiod, the optimal light cycle for the
egg stage was determined to be 12 h light:12 h dark, suggesting that Spodoptera litura eggs
develop most effectively under a 12:12 light—-dark cycle.

Egg
Egg to adult
Larval stage

+ Temperature
+  Relative Humidity
Photoperiod .

-2

10 15 20 25 30 35 40
Temperature (°C)

2.0 -15 -1.0 —0.5 0.0 0.5
Effect Size (Egg)

170c| * Temperature
+  Relative Humidity
20°c} = Photoperiod

0.66 [0.65, 0.66] 38°
35

0.00 (-0.01, 0.01] 34°
3.

22°C . -0.04 [-0.04, -0.03]

23°C . -0.15 [-0.16, -0.15]

27°C . 056 [-0.57, -0.55]

28°C -

3

3

3

2

2

25°C . -0.32(-0.32,-0.31] g
2

2

2

-0.43[-0.52,-0.33] 2
2

30°C - -0.66 [-0.72, -0.59]

33°C . 0.77-0.77, -0.76] 17°C

60%; - -0.42[-0.83,

85% e ————- HI[ -0.25 [-0.60,

L:D=12:12

L:D=14:10

-0.8 -0.6

-0.4 -0.2 0.0 0.2
Effect Size (Egg to adult)

0.4

0.6

-0.41[-0.52,

-0.30 [-0.57,

«  Photoperiod r
o Relative Humidity | -
-+ Temperature h

-1.0 -0.5
Effect Size (Larval stage)

0.0

0.5

Figure 4. The effects of temperature on the developmental duration of S. litura eggs, egg-to-adult
development, and larval stage are shown. Panel (A) illustrates the trend in developmental time
as temperature increases. Panels (B—D) highlight the optimal environmental conditions for the
development of eggs, egg-to-adult stages, and larvae, respectively.

For the egg to adult developmental stage, temperature has a significant impact on
the hatching rate and developmental speed of S. litura egg to adult (Figure 4A), with an
overall average effect size of —0.3387 (CI: —0.5102; —0.1672; Figure S3, Table 2). the optimal
temperature slightly decreases to 33 °C (Figure 4C). At this temperature, development
from egg to adult proceeds most smoothly, indicating that the temperature requirement
for this stage is slightly lower than that of the egg stage. When temperatures deviate from
this value, development is significantly inhibited, leading to lower hatching and survival
rates. Humidity for this stage was also found to be 60%, similar to the egg stage, which
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effectively supports normal developmental processes. The optimal photoperiod for the egg
to adult stage was also 12:12, consistent with the egg stage, highlighting the importance of
the 12 h light and 12 h dark cycle for proper development during this phase.

Temperature continues to play a crucial role during the larval stage of S. litura
(Figure 4A), with an overall average effect size of —0.6795 (CL: —0.7630; —0.5960; Figure 54,
Table 2). The optimal temperature for larval development is 34 °C, providing the best
conditions for growth and survival (Figure 4D). Similar to the egg stage, any deviation from
34 °C leads to a significant reduction in developmental speed and survival rates. In terms
of humidity, the optimal level for the larval stage was notably higher than in the other
stages, reaching 75%, which facilitates better growth and survival. This higher humidity
level is critical for supporting healthy larval development. Like the egg and egg to adult
stages, the larval stage also thrives under a 12:12 light cycle, indicating a strong dependence
on a consistent photoperiod for proper growth and development.

3.4. Temperature Effects on Developmental Duration at Different Larval Stages

In the first instar of Spodoptera litura, temperature significantly influenced develop-
ment, as shown by the temperature response curve analysis (Figure 5A), with an overall
average effect size of —1.1675 (CI: —1.2839; —1.0512; Figure S5, Table 2). The optimal
temperature for development was 33 °C (Figure 5B). At this temperature, the first instar
larvae exhibited the fastest development and best growth. Temperatures that were either
too high or too low resulted in delayed development and decreased survival rates, making
33 °C the ideal temperature for this stage. Additionally, a humidity of 76% provided an
optimal environment for development, and a 14:10 light:dark cycle offered appropriate
light exposure and darkness, promoting healthy larval growth.

For the second instar, temperature also had a significant impact on development
(Figure 5A), with an overall average effect size of —0.8725 (CI: —0.9938; —0.7512; Figure S6,
Table 2). The optimal growth temperature was 31 °C (Figure 5C). Compared to the first
instar, the second instar larvae were more adapted to slightly lower temperatures, and a
humidity level of 76% supported normal development. The ideal light cycle was 12:12
(12 h light:12 h dark), which provided the appropriate diurnal variation necessary for opti-
mal growth and development during this stage.

Temperature had a similarly significant effect on the development of the third instar
(Figure 5A), with an overall average effect size of —0.8763 (CI: —1.0132; —0.7393; Figure S7,
Table 2). The optimal temperature for the third instar was 30 °C (Figure 5D). Compared
to the previous instars, the temperature was slightly lower, and the humidity increased to
83%, which contributed to faster growth and higher survival rates. The light cycle remained
at 12:12, continuing to play a crucial role in promoting development. At this stage, larvae
exhibited a significantly higher demand for humidity, and the temperature of 30 °C proved
to be the most suitable for their growth, providing the optimal developmental conditions.

In the fourth instar, temperature remained a critical factor influencing development
(Figure 5E), with an overall average effect size of —0.72 (CI: —0.9332; —0.5068; Figure S8,
Table 2). Within the temperature range of 17-34 °C, the optimal growth temperature
was 31 °C (Figure 5F). At this stage, the temperature slightly increased to 31 °C, and the
humidity decreased slightly to 82%, yet remained at a relatively high level. Compared to
the third instar, the fourth instar larvae demonstrated greater adaptability to the 12:12 light:
dark cycle, which continued to be the optimal photoperiod for growth and development.
The combination of temperature and humidity provided ideal developmental conditions,
ensuring efficient growth.
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Figure 5. The impact of temperature on various developmental stages of S. litura is demonstrated.
Panel (A) shows how the developmental time of first-to-third instar larvae changes with temperature
variations, while Panels (BFD) depict their response to external environmental conditions. Similarly,
Panel (E) illustrates the changes in developmental time of fourth-to-sixth instar larvae with temper-
ature variations, and Panels (F,G) present the response of fourth-to-fifth instar larvae to external

environmental factors.
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In the case of the fifth instar, temperature increase resulted in a shortened developmen-
tal period, with an overall average effect size of —0.8143 (CI: —0.9701; —0.6586; Figure S9,
Table 2). Within the 17-34 °C temperature range, the developmental time at the fifth instar
stage significantly decreased with rising temperature (Figure 5E). Different humidity and
photoperiod conditions affected the developmental rate of the fifth instar. The optimal
conditions for the fifth instar were found at 30 °C, 76% relative humidity, and a photoperiod
of 12:12 (L:D) (Figure 5G).

However, no significant effect of temperature increase was observed for the sixth
instar stage, with an overall average effect size of 0.0597 (CI: —0.1070; 0.2263; Figure S10,
Table 2). Within the temperature range of 17-34 °C, the developmental time for the sixth
instar was not significantly affected by temperature. The cumulative effect sizes suggest
that within this temperature range, temperature changes did not significantly influence the
developmental time at the sixth instar stage.

3.5. The Effect of Temperature Changes on the Lifespan of Adult S. litura

Temperature significantly affects the lifespan of female S. litura (Figure 6A). The
shortest lifespan for female adults occurs under conditions of 33 °C temperature, 65%
humidity, and a 12:12 light cycle (Figure 6B). The temperature response curve indicates that
at this temperature, the lifespan of female adults is significantly minimized. The overall
average effect size is —0.9734 (CI: —1.0667; —0.8801; Figure S11, Table 2), suggesting that
an increase in temperature significantly reduces the lifespan of female adults.
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Figure 6. The effects of temperature on the lifespan of adult S. litura. (A) shows that the changes
in the lifespan of female and male adults with increasing temperature. (B) depicts the response of
female adult lifespan to variations in external environmental conditions. (C) depicts the response of
male adult lifespan to variations in external environmental conditions. (D) depicts the response of
the adult stage duration to variations in external environmental conditions.

Similarly, temperature also has a significant impact on the lifespan of male S. litura
adults (Figure 7A). The shortest lifespan for male adults occurs under conditions of 33 °C
temperature, 60% humidity, and a 12:12 light cycle (Figure 6C). According to this tem-
perature response curve, the lifespan of male adults reaches its minimum under these
conditions. The overall average effect size is —1.1394 (CI: —1.2488; —1.03; Figure S12,
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Table 2), indicating that elevated temperatures have a significant negative effect on the
lifespan of male adults.
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Figure 7. The influence of temperature variation on the life cycle of S. litura. (A) illustrates how the
life cycle of S. litura changes with increasing temperature. (B) shows the response of the life cycle of
S. litura to variations in external environmental conditions.

Additionally, the studies indicate that an increase in temperature shortens the adult
stage duration of S. litura, with an overall average effect size of —1.0392 (CI: —1.2611;
—0.8173; Figure 513, Table 2). Within the temperature range of 17-35 °C, the adult stage
duration significantly decreases as temperature rises (Figure 6A). The results show that
the shortest adult stage duration occurs when the temperature reaches 35 °C, with relative
humidity at 75%, and a light cycle of 13:11 (Figure 6D).

3.6. The Effect of Temperature on the Generation Cycle of S. litura

The studies indicate that an increase in temperature shortens the generation cycle of
S. litura, with an overall average effect size of —0.9917 (CI: —1.1961; —0.7873; Figure S14).
Within the temperature range of 17-35 °C, the generation cycle time significantly decreases
as temperature rises (Figure 7A). The findings suggest that variations in the light cycle have
a significant effect on the generation cycle time. The fastest generation cycle is observed
when the temperature reaches 35 °C, with relative humidity at 75%, and a light cycle of
14:10 (Figure 7B).

3.7. Model Validation

Funnel plots and radar charts were utilized to assess whether publication bias influenced
the results, and the failsafe number was calculated to verify the reliability of the findings.
The results demonstrate that the funnel plot (Figure 8A, z = 11.7603, p = 0.0702), radar chart
(Figure 8B), and failsafe number (n = 276385) all confirm the robustness of our results.

Standard Error

T

J \ 00 05 10 15 20
. \
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Figure 8. Funnel chart and radar chart. (A) shows a funnel chart, and (B) shows a radar chart.
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4. Discussion

As ectothermic organisms, insect populations are heavily influenced by tempera-
ture [33]. Global warming has been shown to significantly alter the spatial distribution of
numerous insect species, leading to range expansion and regional shifts [34]. Temperature
is thus a critical factor in the survival, development, and reproduction of S. litura. This
study confirms that temperature profoundly impacts the growth and developmental cycle
of this pest. Within an optimal temperature range, increasing temperatures significantly
accelerate its growth and development. An analysis was conducted on the relationship
between the developmental stages of S. litura and temperature, resulting in feedback curves
that highlight temperature-dependent variations across all stages (Table 3). The findings
indicate that S. litura thrives best at temperatures between 30-35 °C and relative humidity
levels of 60-83%. Global warming is projected to drastically alter ecosystems, reshaping
habitat structures and increasing insect prevalence and distribution, which may exacerbate
agricultural damage. This investigation points out that under anticipated warming condi-
tions, S. litura is likely to develop stronger adaptive capabilities, posing greater challenges
to agricultural production.

Table 3. The optimal environmental conditions for each developmental stage of S. litura.

Ideal Relative

Developmental Ideal Survival Humiditv £ Optimal Light/Dark
History Temperature uSml }ty or Duration for Survival
urvival
1st instar 33°C 76% L:D =14:10
2nd instar 31°C 76% L:D=12:12
3ird instar 30°C 83% L:D=12:12
4th instar 31°C 82% L:D=12:12
5th instar 30°C 76% L:D =12:12
Adult longevity 33°C 65% LD = 12:12
(Female)
Adult longevity 33°C 60% LD =12:12
(male)
Adult stage 35°C 75% L:D =13:11
Egg 34°C 60% LD =12:12
Egg to adult 33°C 60% L:D =12:12
Generation 35°C 75% L:D =14:10
Pre-pupa 30°C 65% L:D=13:11
Pupa 30°C 75% L:D=12:12
Fertility 34°C 75% L:D =14:10
Larval stage 34°C 75% L:D =12:12
Spodoptera litura 30—-35°C 60-83% -

Temperature significantly influences the biological traits of S. litura. This meta-analysis
indicates that increased temperatures accelerate both the developmental rate and reproduc-
tive potential of S. litura. However, the positive effects of temperature diminish or may even
be reversed under extreme heat conditions. This finding aligns with previous studies [35],
indicating that within an optimal temperature range, S. litura can shorten its life cycle and
increase population size. Notably, when temperatures exceed their upper thermal tolerance
(typically above 35 °C), both development rates and survival decrease significantly. This
is likely due to the adverse physiological effects of temperature stress [36], suggesting
that extreme heat may inhibit the expansion of S. litura populations. The responses to
temperature vary across different developmental stages. According to the results of the
meta-analysis, the development rates of the first to fifth larval instars increase as temper-
ature rises, although sensitivity to temperature differs among instars. The early larval
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stages, particularly the 1st and 2nd instars, are highly sensitive to temperature fluctuations,
showing a marked increase in development rates at higher temperatures. However, these
stages also experience increased mortality at elevated temperatures, reflecting the high
survival pressure during the larval phase. In contrast, the impact of temperature on the 6th
instar is relatively moderate, suggesting that the later instar develops greater thermal toler-
ance. This result aligns with previous studies [35], demonstrating that later stages exhibit
stronger adaptability to environmental changes. Temperature also significantly affects the
oviposition behavior of female adults. According to the meta-analysis, oviposition rates rise
with increasing temperatures, particularly within the ideal range of 30-35 °C, where female
adults achieve peak reproductive output. However, when temperatures exceed 35 °C,
oviposition rates decline, indicating that high temperatures suppress reproductive capacity.
This may result from negative effects on ovarian development or egg quality, consistent
with the hypothesis of impaired reproductive functions under thermal stress [37]. Thus,
while moderate warming may promote population growth, extreme heat could suppress
reproduction under global warming scenarios. The influence of temperature on the devel-
opmental duration of S. litura exhibits clear stage-specific effects. Developmental periods
shorten with increasing temperature, highlighting the role of temperature in accelerating
growth. However, this effect shows a lag during the adult stage. The meta-analysis reveals
cumulative effects of temperature across developmental stages: while higher tempera-
tures accelerate early-stage development, they also negatively impact adult survival and
behavior. At elevated temperatures, the lifespan of adults is markedly reduced, and the
generation cycle speeds up, likely because of the suppressive influence of heat on metabolic
energy processes and behavioral capacity. Consequently, while temperature positively
regulates developmental periods, high temperatures may limit adult survival, potentially
affecting long-distance migration and dispersal.

In this study, we examined the impact of temperature variation on the growth and
development of S. litura. However, in addition to temperature, environmental factors such
as humidity and light also play crucial roles in the developmental processes of this species.
Firstly, humidity is one of the key environmental factors influencing insect growth and
development. Changes in humidity not only directly affect the physiological functions
of S. litura, but can also indirectly impact its reproductive capacity and survival rate by
altering the water balance within the insect. Studies have shown that higher humidity tends
to increase egg-hatching rates and larval survival in S. litura, suggesting that an optimal
humidity environment is beneficial for its development. Secondly, light is another important
factor influencing the growth and development of S. litura. As a nocturnal insect, S. litura is
primarily active at night and seeks shelter during the day. Variations in light intensity and
the circadian rhythm can affect its activity patterns, foraging behavior, and physiological
processes. With the ongoing global warming, it is anticipated that the distribution of S.
litura will increase significantly [38,39]. In a warming world, will the adaptability of S.
litura improve? To address this question, we reviewed and analyzed 17 relevant studies
using meta-analysis to evaluate the responses of S. litura to temperature changes. The
results indicated that within the temperature range of 15-38 °C, the adaptability of S. litura
improved progressively with increasing temperatures. This finding aligns with previous
studies, further validating the reliability of the model. Given the potential for S. litura
to cause severe agricultural damage and economic losses, monitoring its adaptability is
essential [40]. This study predicts, through meta-analysis, that S. litura exhibits peak
adaptability at temperatures between 30-35 °C These findings provide critical insights for
early warning systems regarding the direction of insect invasions and suitable habitats,
offering valuable information for future monitoring and forecasting efforts.
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This meta-analysis included a systematic review and selection of 17 studies investi-
gating the effects of temperature on the biological traits of S. litura. The studies primarily
focused on regions where S. litura is most prevalent, including East Asia, Southeast Asia,
South Asia, and West Africa. Most of the research utilized controlled laboratory exper-
iments, with a few employing field trials. While temperature is widely recognized as a
critical environmental factor influencing S. litura, the studies exhibited heterogeneity in
experimental conditions, species, and reporting methods. To address this variability, we
employed a random-effects model and conducted subgroup analyses to explore the specific
impacts of different temperatures on the biological traits of S. litura. Global warming is
expected to profoundly alter ecosystem functions and structures, leading to shifts in the
distribution of biological habitats [41,42]. The increasing prevalence and spread of insects,
along with the resultant damages, will significantly impact agricultural production. This
study highlights that under future warming scenarios, the adaptability of S. litura is likely
to strengthen. The findings provide policymakers with critical insights to develop effective
pest management strategies, thereby mitigating the potential widespread economic losses
caused by pests under a warming climate.

5. Conclusions

This study conducted a systematic evaluation of the effects of temperature fluctuations
on the biological traits of S. litura within the context of global climate change, using a
meta-analysis. The results indicated that within the optimal temperature range of 30 °C to
35 °C, increasing temperatures significantly accelerated the developmental rate of S. litura,
shortened its life cycle, and enhanced the oviposition rate of female adults. However, under
extremely high-temperature conditions (above 35 °C), the developmental rate slowed,
mortality increased, and the reproductive capacity of female adults was significantly
suppressed, suggesting an upper-temperature threshold beyond which S. litura’s biological
processes are negatively impacted. In addition to temperature, other environmental factors
such as humidity and light also influence the growth and development of S. litura. The
interaction between these factors and temperature, alongside the implications of climate
change, presents a complex dynamic for S. litura populations. As global temperatures
rise, shifts in humidity and light conditions may exacerbate or mitigate the impact of
temperature extremes, affecting the overall population dynamics and adaptive strategies of
this species. Importantly, the sensitivity of S. litura to temperature changes varies across
developmental stages, with the larval stage being the most sensitive to high temperatures.
This suggests that managing temperature, humidity, and light conditions will be crucial for
predicting future pest outbreaks and for developing effective control strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects16040355/s1. Figure S1: Comparison of effect sizes between
random-effects and fixed-effects models; Figure S2: Comparison of effect sizes between random-
effects and fixed-effects models; Figure S3: Comparison of effect sizes between random-effects and
fixed-effects models; Figure S4: Comparison of effect sizes between random-effects and fixed-effects
models; Figure S5: Comparison of effect sizes between random-effects and fixed-effects models;
Figure S6: Comparison of effect sizes between random-effects and fixed-effects models; Figure S7:
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