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Simple Summary


Soil pollution caused by microplastics and heavy metals has become a global agricultural threat, but their combined effects on key agricultural pests remain unclear. This study used a two-sex life table to evaluate the impacts of polyethylene microplastics (PE) and cadmium (Cd), alone and in combination, on the growth, development, and population dynamics of the Leptinotarsa decemlineata. The results showed that single PE or Cd stress significantly prolonged larval development, reduced survival and fecundity, and inhibited population growth. The PE + Cd combined treatment had a combined inhibitory effect, causing the strongest decline in key population parameters. These findings clarify the combined toxic risk of microplastics and cadmium to insect pests, provide a scientific basis for ecological risk assessment of soil pollutants, and support the optimization of integrated pest management strategies for potatoes.




Abstract


This study utilized the age-stage, two-sex life table method to evaluate the toxic effects of polyethylene microplastics (PE, 300 mg/kg) and cadmium (Cd, 30 mg/kg), both individually and combined, on Leptinotarsa decemlineata. Compared to controls, all treatments significantly prolonged larval development and reduced survival, lifespan, and fecundity. The combined exposure (PE + Cd) exerted the strongest inhibition: the total pre-adult developmental duration (TPOP) increased by 18.8% (38.00 days), while the intrinsic growth rate (  r  ) dropped by 59.0% to 0.0273 d−1. Additionally, the net reproduction rate (    R   0    ) and fecundity fell to their lowest levels (5.08 and 19.06, respectively), significantly lower than in single-treatment groups. Age-stage life expectancy analysis confirmed severe survival pressure in the combined group, evidenced by a 30% reduction in first-instar survival and a 14-day shortened adult lifespan. These findings demonstrate the synergistic toxicity of PE and Cd co-contamination, providing critical data for ecological risk assessment in the “soil–plant–herbivore” system and integrated pest management strategies.
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1. Introduction


Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae, Chrysomelinae) is a major destructive phytophagous pest of solanaceous crops. It is a devastating polyphagous pest in potato-growing regions worldwide. Larvae and adults feed primarily on potato leaves, thereby damaging the photosynthetic organs, which results in yield losses ranging from 30% to 100% under severe infestations. Such yield loss, for instance, poses a direct threat to the industrial security of major potato-producing areas in Northwestern China [1,2,3]. Elucidating the developmental rhythm and population growth potential of the Leptinotarsa decemlineata constitutes a fundamental prerequisite for devising precise control strategies.



The rapid transformation of agricultural production has brought challenges such as soil pollution from multiple sources. For example, polyethylene microplastics and heavy metal cadmium have become key pollutants threatening the health of farmland soil ecosystems due to their environmental persistence, bioaccumulation potential, and cross-trophic level toxicity [4,5]. Microplastics originate from a wide range of sources, including the aging and degradation of agricultural mulch film, fragmentation of plastic waste, introduction via organic fertilizers, and atmospheric dry and wet deposition. Characterized by their small particle size and large specific surface area, they readily adsorb to soil particles or are absorbed by plant roots, thereby entering the food chain through the soil–plant system [6,7,8]. They significantly inhibit potato germination and growth, reduce yield, and, through bottom-up effects along the food chain, decrease the survival rate and fecundity of Leptinotarsa decemlineata adults while prolonging larval development duration. Simultaneously, through trophic transfer, they significantly increase the mortality of both nymph and adult stages of the natural predator Arma chinensis (Hemiptera: Pentatomidae). Although they shorten nymphal developmental time and increase adult body weight, they markedly extend predation time and reduce searching and paralyzing efficiency, ultimately weakening the biocontrol capacity of A. chinensis against the Leptinotarsa decemlineata [9,10].



Cadmium, a highly toxic heavy metal, is continuously introduced into agricultural soils through industrial emissions, excessive application of chemical fertilizers, and wastewater irrigation, characterized by high mobility, prolonged retention periods, and a strong propensity for crop uptake and accumulation [11,12,13,14]. Cadmium stress not only inhibits plant photosynthesis and nutrient uptake but can also be transferred along the food chain and disrupt the antioxidant systems and energy metabolism of insects, significantly reducing their survival and reproductive capacity. Studies have confirmed that cadmium stress significantly prolongs the duration of the first-instar larval stage, pupal stage, and pre-oviposition period of the Leptinotarsa decemlineata, shortens adult longevity, reduces fecundity, decreases survival rates across all life stages, and increases the deformity rate of newly emerged adults. Population life table parameters reveal that increase in cadmium concentration is associated with significant decline in the intrinsic rate of increase, finite rate of increase, net reproductive rate, and gross reproductive rate of the beetle, while the mean generation time shows no significant change, indicating that cadmium exerts a pronounced inhibitory effect on the development, survival, reproduction, and population growth of the Leptinotarsa decemlineata through plant-mediated pathways [15,16,17].



Multiple pollutants affect agricultural environments. Therefore, assessing the effects of single pollutants is insufficient to reflect actual ecological risks. Current research has largely focused on the individual toxic effects of microplastics or cadmium on plants and soil organisms, whereas systematic studies on their combined effects on the growth, development, life-history traits, and population dynamics of the Leptinotarsa decemlineata remain scarce [18]. Microplastics and cadmium interact through surface adsorption, complexation, and other mechanisms, altering their environmental behavior and bioavailability, thereby producing combined, antagonistic, or additive effects [19]. Their coexistence in agricultural soils is becoming increasingly common, and elucidating their sublethal effects on key insect pests can provide a basis for predicting pest outbreak trends, optimizing pesticide application, and guiding ecological remediation [20,21]. This study aims to fill the research gap regarding the impacts of combined microplastic and cadmium pollution on Leptinotarsa decemlineata and to provide scientific support for optimizing integrated management strategies for Leptinotarsa decemlineata exposed to multiple pollutants in the major potato-producing regions of Northwestern China.



The response of insect populations to environmental pollutants is a key topic at the intersection of ecotoxicology and integrated pest management (IPM). Elucidating how pollutants affect insect life-history traits and population parameters helps improve ecological risk assessment models. If exposure to pollution reduces the survival and reproductive capacity of Leptinotarsa decemlineata, this suggests that soil pollution may alter pest population dynamics to some extent; conversely, if pollution enhances their tolerance, compensatory feeding capacity, or risk of pesticide resistance, this indicates that traditional pest control strategies may prove ineffective or produce unintended consequences in polluted farmland. Therefore, in agricultural practice, it is necessary not only to focus on the direct impact of pollution on crop yield and quality but also to incorporate it into pest monitoring, early warning, and green pest control systems. This requires a comprehensive consideration of the interrelationships among soil remediation, reduction in plastic use in farmland, control of heavy metal inputs, and ecological responses of pests, thereby providing more forward-looking scientific evidence for farmland ecological safety and sustainable agricultural management under conditions of pollution.




2. Materials and Methods


2.1. Potato Cultivation


To ensure that the experiments can effectively reveal the ecological effects of pollutants, relevant studies have reported that the average amount of plastic film residue in Chinese farmland is 103 kg/hm2, while the average abundance of microplastics reaches 4537 particles/kg dry soil [22]. Our team has previously conducted separate studies on the effects of cadmium and polyethylene microplastics on the Leptinotarsa decemlineata and its natural enemies. Zhang [10] found that potato growth showed a concentration-dependent response to polyethylene microplastics (5 μm), and that exposure to 300 mg/kg significantly reduced the activity and survival rate of the Leptinotarsa decemlineata. He reported that cadmium exposure at 30 mg/kg significantly affected the activity and survival of the Leptinotarsa decemlineata [12].



“Wotu No. 5” potatoes were grown in 30 cm-diameter round pots, and leaves were collected under different treatment conditions to feed the Leptinotarsa decemlineata. The experiment consisted of four soil treatments, each with 15 replicates (pots) to assess the individual and combined effects of cadmium (Cd) and microplastics (MPs) on plant and insect:



Treatment A (CK): No additives (control).



Treatment B (Cd): Addition of cadmium chloride at a concentration of 30 mg/kg.



Treatment C (PE): Addition of 5 μm polyethylene microplastics at a concentration of 300 mg/kg.



Treatment D (Cd + PE): Combined application of 30 mg/kg Cd and 300 mg/kg 5 μm polyethylene microplastics.



The growth substrate was sterilized prior to treatment. Cadmium was applied by spraying with a cadmium chloride (Tongluoma Technology Co., Ltd., Beijing, China) solution, followed by thorough mixing, while microplastics were dry-blended into the soil. The treated soil was turned over daily and allowed to equilibrate for two weeks.



Each pot was filled with 3 kg of experimental soil, which was sandy in texture, had a moisture content of 20 ± 5%, a pH of 7.8, and an organic matter content of 11 g/kg. The soil was purchased from the Mingzhu Flower Market in Urumqi, Xinjiang. Uniform seed potatoes were selected, with one plant planted per pot. All pots were placed outdoors at Xinjiang Agricultural University in Urumqi, Xinjiang, and managed under standard conditions, with regular watering to maintain soil moisture. No fertilizers or pesticides were applied throughout the entire growing season.




2.2. Insect Feeding


The founding population of Leptinotarsa decemlineata used in this experiment was collected in May 2025 from a potato field in Liuchengzi West Village, Fukang City, Changji Prefecture, Xinjiang (87.92° E, 44.18° N). The captured adults were kept in an intelligent artificial climate chamber and reared continuously for generations with fresh, uncontaminated potato leaves. The rearing conditions were kept constant at a temperature of 28 ± 1 °C, relative humidity of 50% ± 5%, and a photoperiod of L:D = 16:8. Potato leaves were replaced daily to ensure sufficient fresh food. The second-generation population was used for the experiment. Egg masses deposited by second-generation adults were monitored, and newly hatched first-instar larvae of the same age were then selected for subsequent experiments.



Larvae were fed with leaves from the treated plants. Each treatment had four replicates, and each replicate consisted of 30 randomly selected newly hatched first-instar larvae. Larvae were group-reared in Petri dishes and provided with fresh potato leaves daily. To maintain leaf turgor, the petioles were wrapped with moistened absorbent cotton. A layer of moist sterile sand (approximately 5 cm deep) was provided in each cup to serve as a suitable pupation medium. The emergence time of each adult was recorded. Newly emerged adults of the same age were paired in male–female pairs at a 1:1 ratio. Rearing conditions were maintained at 28 ± 1 °C, 50% ± 5% relative humidity, and a photoperiod of L:D = 16:8.



When possible, pairing priority individuals originated from the same replicate group. If a replicate group lacked a male, a substitute was selected from another replicate group within the same treatment that had a comparable developmental timeline. The survival and fecundity (number of egg masses and total eggs) of all paired adults were monitored daily [23]. The recording of mortality differed for the different sexes. In the event of male mortality, replacements were made from the same treatment, and their survival days were no longer recorded. Similarly, if females died, their egg-laying activity and survival days were no longer tracked [12].




2.3. Statistical Analysis


Data were managed in Microsoft Excel and statistically analyzed using IBM SPSS Statistics 26.0 with Duncan’s test for group comparisons. The life table parameters for Leptinotarsa decemlineata, developmental time, survival, and population growth indices (innate growth rate r, finite growth rate λ, net reproductive rate R0, mean generation time T, and gross reproduction rate GRR) were analyzed using TWOSEX-MS Chart software (1 December 2024) [24,25]. Treatment differences for these parameters were evaluated using paired-wise tests with 100,000 bootstrap replications at a 5% significance level. GraphPad Prism10.3.0 software was used for plotting.



The primary formulas are as follows:



Age-Specific Survivability (lx):     l   x   =    ∑  j = 1   m           S   x j    



Age-Stage-Specific Fecundity (mx):     m   x   =       ∑  j = 1   m           S   x j     f   x j        ∑  j = 1   m           S   x j       



Age-Stage Life Expectancy (exj):     e   x j   =    ∑  i = x   ∞            ∑  y = j   m             S   ′     i y    



Intrinsic Rate of Increase (r):      ∑  x = 0   ∞           e   − r ( x + 1 )     l   x     m   x   = 1  



Finite Rate of Increase (λ):   λ =   e   r    



Net Reproductive Rate (R0):     R   0   =    ∑  x = 0   ∞           l   x     m   x    



Mean Generation Time (T):   T =    l n   R   0     r     



Gross reproduction rate (GRR):   G R R = ∑   m   x    





3. Results


3.1. Effects of Different Treatments on the Developmental Duration of the Leptinotarsa decemlineata


Single and combined treatments of PE and Cd significantly affected the developmental duration of Leptinotarsa decemlineata across all larval stages (Table 1). Compared to the control (CK), all treatments prolonged larval development.



Specifically, the L1 stage lasted 1.04 ± 0.04 d in CK, but extended to 2.96 ± 0.22 d under PE treatment (184% increase, p < 0.001), 2.67 ± 0.09 d under Cd (157% increase), and 2.74 ± 0.08 d under PE + Cd (163% increase). In the L2 stage, PE caused the most pronounced delay (4.78 ± 0.09 d) compared to CK (2.31 ± 0.09 d), representing a 107% prolongation (p < 0.001). The combined treatment (PE + Cd) also significantly extended L2 duration to 3.5 ± 0.11 d (51% increase, p < 0.01). For L3 and L4, similar patterns were observed, with PE treatment showing the strongest effects. The pupal duration increased from 9.67 ± 0.26 d (CK) to 11.55 ± 0.18 d under PE (19% increase, p < 0.001), while Cd and PE + Cd also caused significant prolongations (10.67 ± 0.28 d and 10.5 ± 0.32 d, respectively). Adult longevity did not differ significantly among groups (p > 0.05). The total pre-oviposition period (TPOP) increased from 32.0 ± 0.41 d (CK) to 38.92 ± 0.60 d under PE (22% increase, p < 0.001) and to 38.0 ± 0.80 d under PE + Cd (19% increase, p < 0.05).




3.2. Effects of Different Treatments on Life Table Parameters of Leptinotarsa decemlineata Populations


All treatments significantly suppressed population growth and reproductive potential compared to CK (Table 2). The intrinsic rate of increase (r) in CK was 0.066 ± 0.0039 d−1. PE alone reduced r by 38% to 0.041 ± 0.0042 d−1 (p < 0.001), and Cd alone reduced it by 27% to 0.049 ± 0.005 d−1 (p < 0.01). The combined PE + Cd treatment caused the strongest inhibition, reducing r by 59% to 0.027 ± 0.0058 d−1 (p < 0.001). Similarly, the finite rate of increase (λ) decreased from 1.07 ± 0.0042 (CK) to 1.028 ± 0.0059 under PE + Cd (p < 0.001).



The net reproductive rate (R0) declined from 20.12 ± 3.19 (CK) to 9.16 ± 1.91 under PE (54% reduction), 9.79 ± 2.09 under Cd (51% reduction), and 5.08 ± 1.54 under PE + Cd (75% reduction). Female adult fecundity followed a similar pattern: CK females laid 35.5 ± 0.15 eggs, whereas PE, Cd, and PE + Cd groups produced only 21.13 ± 0.41 (40% reduction), 20.98 ± 1.92 (41% reduction), and 19.06 ± 0.31 (46% reduction) eggs, respectively (all p < 0.001 compared to CK). These results demonstrate a combined inhibitory effect of PE and Cd exposure.




3.3. Age-Stage-Specific Survival Rate


The survival curve of the control group (CK) was generally relatively flat, exhibiting only slight declines during interstage transitions (Figure 1). By contrast, the PE + Cd combined application group displayed the lowest survival rates across all developmental stages. The first-instar larval survival rate in the combined application group was only 70% of that in the control group. The survival rate of L4 to the pupal stage was 25% lower than that of the control group, but 22% lower for the pupal stage to the adult stage. Additionally, adult longevity in the combined application group was shortened by 14 days relative to the control group.




3.4. Age-Specific Survivability and Age-Stage-Specific Fecundity


All treatment groups, especially the PE + Cd combined application group, showed delayed oviposition onset, lower fecundity peaks and shorter reproductive cycles. The combined treatment postponed the reproductive peak and markedly reduced fecundity, which agreed with the decline in female fecundity (Figure 2). The pollutants impaired reproductive performance via two mechanisms: delayed reproduction and decreased reproductive output per unit time.




3.5. Age-Stage-Specific Life Expectancy


During larval stages, all treatment groups had consistently lower exj values than CK (Figure 3). For example, at age 10 d (L2–L3 stage), life expectancy in CK was approximately 38 remaining days, whereas PE + Cd reduced this to 24 days (a 37% reduction). This corresponds with the early survival decline in Figure 1, indicating that beetles in treatment groups experienced physiological stress beginning in the larval stage.




3.6. Age-Stage-Specific Reproductive Value


The curve for the control group (CK) increased rapidly and reached a pronounced peak (Figure 4). By contrast, the reproductive value curves of all treatment groups exhibited markedly lower peak values and were shifted to the right. This pattern indicates that individuals in the treatment groups had reduced total potential future contributions to population growth, and the peak period of this contribution was delayed.





4. Discussion


This study systematically elucidated the individual and combined toxic effects of polyethylene microplastics (PE) and cadmium (Cd) on the Leptinotarsa decemlineata using the two-sex life table. The primary findings revealed that exposure to either PE or Cd significantly delayed the beetle’s growth and development, reduced its survival and fecundity, and consequently suppressed its intrinsic potential for population increase. Notably, the combined treatment (PE + Cd) exhibited a combined inhibitory effect on most key parameters, rather than a simple additive effect.



The results align with existing reports on how environmental pollutants delay insect development and reduce reproductive capacity. For instance, Cd has been shown to disrupt energy metabolism and molting processes in insects by inducing oxidative stress, leading to developmental delays [26]. Microplastics, on the other hand, impair nutrient absorption through physical blockage of the gut and act as carriers that enhance the bioavailability of other toxicants [27]. In this study, PE treatment demonstrated a stronger effect than Cd in prolonging larval development (e.g., in the L2 stage, as shown in Table 1). This effect might be attributable to possible physical damage caused by microplastics to the chewing mouthparts or digestive tract, although we did not perform histological examinations to confirm this. Future studies using gut histology or ultrastructure analysis are needed to test this hypothesis.



The core finding of this research is highlighted by the combined effect of PE and Cd. The reduction in the intrinsic rate of increase(r) in the combined treatment (PE + Cd) group (59%) was substantially greater than the sum of the individual effects of PE (38%) and Cd (27%). Similarly, the net reproductive rate (R0) and female adult fecundity reached their lowest levels in this group. These results indicate that the combined application of PE and Cd exerts significant physiological stress on the Leptinotarsa decemlineata; such a shift may be attributed to a stress-induced reallocation of energy, whereby insects under adverse conditions invest more resources in maintenance and survival at the expense of reproduction. Consequently, this delay and reduction in reproductive output weaken the generational turnover rate and the population’s overall growth momentum.



Given that we did not directly measure Cd or PE accumulation in plant or insect tissues, the following mechanisms are speculative and presented as hypotheses to guide future research: It is plausible that PE microplastics adsorb Cd ions in the soil and that both are co-ingested by the beetle larvae [28]. Within the gut environment, the carrier effect of PE may facilitate the release and absorption of Cd [29,30]. Concurrently, the physical damage inflicted by PE on the intestinal structure likely compromises the insect’s detoxification and barrier functions. These combined actions could ultimately amplify the cellular toxicity of Cd (e.g., oxidative damage and enzyme inhibition) [31,32]. The sharp decline in early stage survival rates (Figure 1 and Figure 3) and the profound suppression of reproductive potential (Figure 2 and Figure 4) observed in the PE + Cd group collectively support this “carrier-amplification” hypothesis.




5. Conclusions


Our results notwithstanding, we briefly highlight the limitations of this study. Our work primarily confirms the combined toxicity of PE and Cd at the phenomenological and population levels. The precise in vivo toxicokinetic processes and underlying molecular mechanisms—such as their effects on the antioxidant system, ecdysone signaling pathways, and vitellogenin gene expression—remain unclear. Therefore, future research should focus on: (1) elucidating the interactive targets of PE and Cd at the cellular and molecular levels; (2) investigating the effect spectra of microplastics of different sizes and polymer types combined with various heavy metals; and (3) validating the general applicability of these laboratory findings within more complex, field-representative ecosystems.



It should be noted that our study used laboratory-reared insects fed on contaminated leaves only during the experimental generation. While this design minimizes background variability, it does not capture the effects of chronic, multigenerational exposure that may occur in polluted agricultural fields. Future studies should investigate transgenerational effects to better understand ecological consequences.



It should be acknowledged that this study was conducted under strictly controlled laboratory conditions. While such conditions allow for the establishment of clear causal relationships by minimizing environmental noise, they inevitably have limitations. Laboratory settings cannot fully replicate the heterogeneity of field soils, seasonal climatic fluctuations, complex microbial interactions, or the presence of natural enemies. Moreover, microplastic and cadmium contamination in real agricultural soils typically involves long-term, low-dose, combined exposure, whose ecological effects may differ from those observed in short-term, high-concentration laboratory experiments. Therefore, the findings of this study cannot be directly extrapolated to complex field ecosystems. Future research should prioritize semi-field and full-field validation experiments, complemented by long-term monitoring, to comprehensively assess the realistic impacts of combined microplastic and cadmium pollution on Leptinotarsa decemlineata population dynamics. Such efforts will provide a more robust ecological risk basis for pest early warning and integrated management in contaminated agricultural landscapes.
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Figure 1. Age-stage-specific survival rate (Sxj) of Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants. 
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Figure 2. Age-specific survival rate (lx), female age-specific fecundity (fx), age-specific fecundity of the total population (mx), and age-specific maternity (lxmx) of Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants. 
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Figure 3. Age-stage life expectancy (exj) of Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants. Note: L1–L4 represent the first, second, third, and fourth larval instars, respectively. 
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Figure 4. Age-stage reproductive value (vxj) of Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants. Note: L1–L4 represent the first, second, third, and fourth larval instars, respectively. 
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Table 1. Development duration of the Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants.
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	Developmental Stage
	CK
	PE
	Cd
	PE + Cd





	L1
	1.04 ± 0.04 b
	2.96 ± 0.22 a
	2.67 ± 0.09 a
	2.74 ± 0.08 a



	L2
	2.31 ± 0.09 d
	4.78 ± 0.09 a
	3.08 ± 0.14 c
	3.5 ± 0.11 b



	L3
	3.81 ± 0.15 b
	4.43 ± 0.16 a
	3.33 ± 0.13 c
	3.31 ± 0.15 c



	L4
	5.83 ± 0.16 b
	6.86 ± 0.14 a
	4.61 ± 0.17 b
	6.6 ± 0.31 a



	Pupa
	9.67 ± 0.26 c
	11.55 ± 0.18 a
	10.67 ± 0.28 ab
	10.5 ± 0.32 b



	Adult
	57.48 ± 1.05 a
	54.6 ± 2.3 a
	50.67 ± 3.92 a
	50.25 ± 3.8 a



	APOP
	10.47 ± 0.26 a
	10.92 ± 0.29 a
	10.36 ± 0.32 a
	11.43 ± 0.48 a



	TPOP
	32 ± 0.41 c
	38.92 ± 0.59 a
	32.07 ± 0.65 bc
	38 ± 0.79 ab







Note: TPOP (total pre-oviposition period)—duration from egg hatch to first oviposition, APOP (adult pre-oviposition period)—duration from adult emergence to first oviposition. Significant difference was analyzed using a paired-sample paired bootstrap test of TWOSEX—MS Chart. Data are mean ± SE. Different letters in the same row indicate a significant difference at the p < 0.05 level by the paired bootstrap test.













 





Table 2. Population parameters of Leptinotarsa decemlineata on cadmium and/or microplastic-stressed potato plants.
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	Population Parameters
	CK
	PE
	Cd
	PE + Cd





	Intrinsic rate of increase (r) (d−1)
	0.066 ± 0.0039 a
	0.041 ± 0.0042 b
	0.049 ± 0.005 b
	0.027 ± 0.0058 c



	Finite rate of increase (λ) (d−1)
	1.07 ± 0.0042 a
	1.042 ± 0.0044 b
	1.05 ± 0.0052 b
	1.028 ± 0.0059 c



	Net reproduction rate (R0)
	20.12 ± 3.19 a
	9.16 ± 1.9133 b
	9.79 ± 2.095 b
	5.08 ± 1.54 b



	Gross reproduction rate (GRR)
	28.78 ± 2.98 a
	14.26 ± 2.28 b
	18.6277 ± 2.34 b
	14.29 ± 2.46 b



	Fecundity

(eggs·female−1·day−1)
	35.5 ± 0.15 a
	21.13 ± 0.41 b
	20.98 ± 1.92 bc
	19.06 ± 0.311 c







Note: “Fecundity” refers to the average number of eggs laid per day by each female insect during the egg-laying period. Significant difference was analyzed using a paired-sample paired bootstrap test of TWOSEX—MS Chart. Data are mean ± SE. Different letters in the same row indicate a significant difference at the p < 0.05 level by the paired bootstrap test.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file4.png
Age-satage reproductive rate

PE(300mg/kg)
2.0
1.5
1.0
0.5
1 .0 T T T T 1
100 0 20 40 60 80 100
Age(d) Age(d)
257 Cd(30mg/kg) 257 PE+Cd
2.0 2.0
1.5
1.0
0.5+
1 .0 T
0 20 40 60 80 100 0 20 40 60 80 100
Age( d) Age(d)





nav.xhtml


  insects-17-00638


  
    		
      insects-17-00638
    


  




  





media/file2.png
Age-satage survival rate(Sy;)

15 CK 159 PE(300mg/kg)
1.0 1.0
0.5 0.5
0.0 L 1 T T T 1 0.0 T 1 1 T 1
0 20 40 60 80 100 20 40 60 80 100
Age(d) Age(d)
15 Cd(30mg/kg) 15 PE+Cd
1.0 1.0
0.5 0.5
0.0 0.0 : T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
Age(d) Age(d)

LI

L2

L3

L4
Pupa
Female
Male





media/file5.jpg
Age-satage life expectancy(e,;)

K

PEGOOmge)

-
« ‘ \
-l | ‘

1 \
IR D w0 o0
e Aseta)

-
Cd30mgke) PEACL
.
«
\ \
il ‘
‘ \
L ;
o @ % @ n @ o 00

} ¥F3

I

i

u
©

B

u
Pua
Fenale
Male





media/file3.jpg
Age-satage reproductive rate

-~ K b PE(300mg/ke) X
P L 20 .
15 i 15 —m
10- h 10- k-
os os
o oo

v P R ) %

e e

25 28 PEsCA
20 20
15 ' s I
1o 1o
os os
oo oo

v T @ % wm T B e @ %

Agel )

AgeC )





media/file9.png





media/file1.jpg
b K L PEG0mgke)

~u
2a
1o 1o Ea
~ - i
5 A el 25 Y
] \ [ ——— = feme
z \ lif0 A——\ JoE s
= o0 b\
g B e % w5 om e % 0w
H Ape @) AseCa)
2
& s 15 g
- CAGOmgke) ) PECA
H
Lo
%
< A
os 1Y \1—-_\_.‘_
00- -
T om 6 % ® om0 om e & om e

Ageld) Ageld)





media/file7.jpg
Age-satage reproductive value(V,

1

-

=

o

- PEGOOmgke) e
5 =
g
W ]
— v
B - Feme
o (R
» n 0 @ w
Asel @) Asel @)
Cagomere) = pEca
-
/,\_\\ 1o /‘\_‘
\ s N
[ ™
o
n @ w n w0
Agel &) Agel &)





media/file8.png
Age-satage reproductive value(V,;)

20 CK 20 PE(300mg/kg)
15 15
10 10
5 5+
c T T 1 1 c 1 T T 1
20 40 60 80 20 40 60 80
Age( d) Age(d)
20 Cd(30mg/kg) 20+ PE+Cd
15 15
10+ 104
5 5
c T T T 1 c 1 T T 1
0 20 40 60 80 0 20 40 60 80
Age( d) Age(d)

L1
L2
L3
L4
Pupa

Female





media/file6.png
Age-satage life expectancy(e,;)

8o CK 8 PE(300mg/kg)
60 60
40 40
20 20
0 T 1 I I 1 1 0 L S I 1 I 1
0 20 40 60 80 100 0 20 40 60 80 100
Age(d) Age(d)
80 Cd(30mg/kg) 8 PE+Cd
60
40
20
0 I I 1 I 1
0 20 40 60 80 100
Age(d) Age(d)





