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Simple Summary


The shield bug Dolycoris baccarum (Hemiptera: Pentatomidae) poses a significant threat to the cultivation of various plants in Korea. Prompt management is crucial since delays can result in significant economic losses. The creation of accurate forecasting models is vital for effective pest management. Therefore, we assessed the temperature-dependent thermal requirements of D. baccarum using both linear and nonlinear models from data of sesame seed pods to create models that can predict its spring emergence and population trends. Temperature had a considerable influence on the growth of D. baccarum. Development slowed as temperature became less optimal, with no development at very high or low temperatures. Utilizing the estimated thermal requirements, we developed a model predicting the spring emergence of D. baccarum in June and July. Continuous monitoring in agricultural fields is necessary to develop better management strategies. This is the first study that clarifies the developmental processes of a Korean population of D. baccarum infesting sesame fields.




Abstract


Understanding how insects adapt to temperature is crucial to elucidating the ecological factors shaping their life history traits. Phenological models are influenced by temperature, allowing researchers to examine how temperature affects population dynamics, geographical distribution, and the management of various insect species. This study was conducted at seven constant temperatures (15.3, 20.8, 25.0, 27.0, 30.1, 35.0, and 40.0 °C) under temperature-controlled conditions in an incubator to assess temperature-dependent development of D. baccarum. Clusters of eggs were put into Petri dishes and kept in a humidity chamber. The humidity chamber was then placed inside the incubator. Temperature affected the developmental parameters and mortality of D. baccarum reared on sesame seed pods. Stage-specific parameters, including the lower developmental threshold (LDT) and thermal constant (K, in degree days [DD]), were estimated using linear (GLM) and nonlinear (Lactin2) models, respectively. Total development time from egg to adult decreased with increasing temperature. Successful development occurred between 20.8 and 35.0 °C, and failed under 15.3 and 40.0 °C (100% nymph mortality). Egg stage duration ranged from 30.56 days at 15.3 °C to 2.07 days at 40 °C, while nymphal development ranged from 64.75 days at 20.8 °C to 21.17 days at 35.0 °C. The estimated LDT and K-values were 14.22 °C and 492.22 degree days (DD), respectively. Based on these thermal requirements, we developed a predictive model to better understand population dynamics and inform pest management strategies, which can help predict the spring occurrence, number of generations, and population dynamics of D. baccarum.
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1. Introduction


Pentatomids and alydid hemipterans pose significant economic threats to leguminous, cereal, and fruit crops in Korea [1,2]. They inflict greater harm on soybean (Glycine max L.) (Fabaceae) and sesame (Sesamum indicum L.) (Pedaliaceae) than on other crops. Both mature adult bugs and nymphs damage the seeds of different leguminous crops and fruits by puncturing and extracting milky and oily substances and fruit juice, ultimately reducing seed quality, germination capacity, and yield [1,3,4,5]. Moreover, they damage crops and fruits and transmit viral, bacterial, and fungal diseases [6]. In Korea, six species of hemipterans, Riptortus pedestris Fabricius, Piezodorus hybneri Gmelin, Nezara antennata Scott, Dolycoris baccarum L., Halyomorpha halys Stål, and Plautia stali Scott (Hemiptera: Pentatomidae), are major stink bug pests known to attack field crops and fruits [7]. Among hemipterans, D. baccarum is commonly found across Asian and European continents [8], where it feeds on various plant species and damages several crop species [9,10,11]. Dolycoris baccarum overwinters in adult diapause [10,12], and the number of generations it produces is dependent on the temperature and photoperiod conditions of its geographic location [13].



The impact of the climate on organisms, communities, and the broader environment is a serious concern for biologists and environmental scientists. Recent research has shown that earlier estimates were conservative regarding the extent of global warming [14]. Current climatic models predict that the global average surface temperature will rise by 1.8 to 4 °C by the year 2100 [15]. The ecological consequences of climate change driven by global warming are evident in observed effects on species fitness [16,17], range shifts [18], species interactions [19], and community structure [20]. As ectothermic organisms, insects are physiologically reactive to external environmental conditions. Temperature, in particular, plays a critical role in determining their developmental rate, biological traits such as sex ratio, adult lifespan, survival rates, and egg laying, adult size, viability in insect species, and geographical distribution [21,22,23,24,25,26,27]. Several previous studies have demonstrated that insects develop rapidly at higher temperatures; however, adult size varies under extreme temperature regimes [28,29]. Several hypotheses have been proposed to explain this developmental phenomenon in poikilothermic organisms. However, a universally accepted, fact-based common law applicable to all such organisms has yet to be recognized [13,28]. Pest forecasting, management, and risk assessment rely on obtaining information regarding the growth, survival, and reproduction of pests under different environmental conditions. Insect growth is highly responsive to temperature fluctuations, and minor shifts can result in significant disparities in insect phenology [30,31,32]. Forecasting the seasonal presence and populations of insect pests is vital for developing effective and sustainable management strategies. These predictions necessitate comprehending the connection between insect development rate and temperature, particularly concerning potential climate change [33,34], which is frequently represented in temperature-driven phenology models utilizing degree-days [35].



In Europe, detailed studies on the life cycle adaptation of D. baccarum have been conducted [36,37,38,39,40]. There have been a few studies on the photoperiod and temperature-induced development of D. baccarum in China [41] and Japan [10,13]. Numerous studies on temperature dependence have been conducted on several pentatomids [42,43,44]. However, studies examining the effects of constant temperature on the development of D. baccarum on sesame crops in Korea are lacking, with the exception of trap monitoring, occurrence [7,45,46], and biocontrol studies [47,48]. This study investigated the effects of constant temperature on the developmental processes and estimated thermal requirements of D. baccarum on sesame (Sesamum indicum L.) pods. Additionally, this study created predictive timing for pest emergence by assessing the thermal needs of D. baccarum within the context of climate change to ensure the sustainable management of hemipteran bugs, including D. baccarum.




2. Materials and Methods


2.1. Insect Collection and Rearing


Adult D. baccarum were collected from a sesame field in the Department of Upland Crop Research & Development, National Institute of Crop Science, Rural Development Administration (35°49′40″ N, 128°74′01″ E), Miryang, Gyeongnam Province, Korea, in 2023. The collected adults were reared on green sesame pods attached to plant stems inside acrylic cages (40 × 40 × 40 cm, with side ventilation). Additionally, dried sesame seeds and water were also provided in a Petri dish with wetted cotton as food and water sources, respectively. After the eggs were laid, they were collected and placed in a Petri dish for nymph hatching. Bugs were reared under laboratory conditions (26 ± 1 °C, 60 ± 5% relative humidity (RH), and a 12:12 h L:D photoperiod). For the experiment, egg clusters attached to sesame pods and stems were collected by clipping the pods and stems, and these clusters were used in the experiment.




2.2. Sesame Plant


Sesame plant (cv. Milsung) [49] seeds were sown in plastic pots (18 cm in diameter × 13 cm H) filled with commercial soil media (Baroker, Seoul Bio., Seoul, Republic of Korea), without chemical fertilizers and pesticides. Plants were grown in a greenhouse at 28 ± 2 °C and 60–80% RH under natural photoperiod conditions. Plants were raised until seed pods formed, which were used to rear the bugs.




2.3. Experimental Procedure


The study commenced by introducing adult bugs to sesame plants (podding stage) grown in a greenhouse for 3–4 days so we could collect eggs. Exposure occurred in acrylic cages (40 × 40 × 40 cm) with lateral ventilation, maintained at 26 ± 1 °C, 60 ± 5% RH, and with a 12:12 h L:D photoperiod cycle. During this period, adult bugs were provided with dry sesame seeds and water. For the experiment, eggs were collected from plants 2–3 days after exposure to adult bugs. After oviposition on sesame seed pods/stems/leaves, 1 or 2 egg clusters (nonoverlapping) were isolated and counted for each observation. Egg viability was assessed by examining the shape, size, and color of the eggs under a microscope (LEICA EZ4D, Wetzlar, Germany) [50]. Clusters of eggs fixed to sesame seed pods/stems/leaves were transferred to a Petri dish (9.8 cm dia. × 4 cm H) without food sources and stored in a humidity chamber (27 × 20 × 17 cm), maintaining 70–75% RH using saturated salt (NaCl) solutions (Duksan Pure Chemicals, Ansan-si, Republic of Korea), as outlined in [51], for a short period. Before placing the humidity chamber in the incubator, each humidity chamber was equipped with a HOBO data logger (Huato Log-USB; Huato Electronic Co., Ltd., Baoan District, Shenzhen, China) to record the actual temperature and humidity levels within the incubators. Afterward, the humidity chambers were moved to the incubators (Eyela, model MTI-202B, Tokyo, Japan), where the temperatures were adjusted to 15.3, 20.8, 25.0, 27.0, 30.1, 35.0, and 40.0 °C, with a 12:12 h L:D photoperiod. Hatching duration under the various temperatures was recorded. Each freshly emerged individual nymph was placed in individual Petri dishes (5 cm dia. × 1.5 cm H, featuring topside ventilation) containing a single green sesame pod. Individual Petri dishes containing one nymph per seed were sealed with parafilm (PM-996, Amcor Flexibles, 101 Oakley Street, Evansville, IN, USA) and maintained in the same humidity and incubators. The single green pod in each Petri dish was replaced every 2–3 days, with the dish resealed using parafilm. The duration of each developmental phase (egg, nymph, and adult) at each temperature was observed every 24 h until the emergence of adult bugs or death. Each adult bug was placed in a Petri dish (5 cm dia. × 1.5 cm H, with ventilation on top) to assess adult bug lifespan at the corresponding temperatures. The adult bugs received green sesame pods as feed.




2.4. Developmental Distribution Model


The Weibull function is a continuous probability distribution that can model various shapes. It can be utilized in numerous data analyses and forecasting tasks with limited sample sizes. The cumulative Weibull function describes the probability distribution of the development times for individuals within a population. As insect development duration is temperature-dependent, the cumulative probability distributions are shown over time. The duration of each life stage was indicated as days spent at the designated temperature and standardized by dividing the number of days by the average developmental time at that temperature. To create a distribution model for each life stage independent of temperature, the cumulative proportion was plotted against normalized times. The cumulative proportion was calculated by dividing the cumulative count of individuals completing any life stage at a normalized time by the total number of individuals completing any life stage. This temperature-insensitive distribution can be used to forecast the growth duration of individuals in a population under fluctuating temperature scenarios. Further, this kind of study is also ecologically relevant because it directly influences their geographical distribution, population dynamics, and seasonal phenological timing [52]. The relationship between the cumulative proportion of each life stage and developmental duration [53,54], which aids in forecasting minor data using the Weibull function (Equation (1)), was determined by fitting a two-parameter Weibull distribution function:


  F   t   = 1 −   exp   [ − (      t −   γ   α    )   β   ]    



(1)




where F(t) is the cumulative proportion at normalized time t, and α, β, and γ are parameters of the Weibull function [54].




2.5. Developmental Rate Models


The developmental rates of egg, nymph, and egg-to-adult emergence were fitted to linear and nonlinear developmental rate functions. The linear model is expressed as y = aT + b, where y is the rate of development at temperature T, a is the slope, and b is the y-intercept. The lower developmental threshold (LDT) and thermal constant (K) were obtained by calculating the values of −(b/a) and 1/a of the fitted equation, respectively, for each stage [55].



Among the numerous nonlinear equations proposed to describe the relationship between developmental rate and temperature [56], we selected the Lactin2 model because it best described the asymmetric thermal response, including the decline at supra-optimal temperature, and provided the most biologically interpretable and statistically robust fit to our data [57] (Equation (2)).


  r   T   =   e   ρ T   −   e     ρ   T   L   −        T   L   − T     ∆ T        + λ  



(2)




where r(T) is the developmental rate (1/developmental time) at different constant temperatures (°C); T is the absolute temperature (°C);   ρ   is a constant defining the rate of optimal temperature,     T   L     is the high temperature threshold,   ∆ T   is the temperature range over which physiological breakdown becomes the overriding influence, and λ allows for the estimation of a low-temperature threshold.




2.6. Simulation of Adult Emergence


The emergence proportion of D. baccarum adults was simulated with respect to constant temperature (°C) and time (day) by combining the nonlinear and Weibull functions (Equation (3)):


  F   x ,   T   = 1 −   exp   [ −   (      x r   T   −   γ   α    )   β   ]  



(3)




where F(x, T) is the emergence frequency of D. baccarum adults at time x and constant temperature T (°C), x is time (day), r(T) is the development rate from the selected model, and α, β, and γ are parameters of the Weibull function.




2.7. Meteorological Data


Weather data were obtained from the Korean Meteorological Administration (http://data.kma.go.kr/), focusing on the Miryang (study location) meteorological station in Gyeongsangnam Province, Korea. The weather data (annual temperature) were used to develop a degree-day model to estimate the voltinism and spring emergence of D. baccarum.




2.8. Statistical Analysis


Regression analyses were conducted to model the temperature-dependent development of each D. baccarum stage, with model parameter values for both linear and nonlinear functions estimated using the TableCurve 2D v4.0 Automated Curve Fitting program [58]. Data on the life table variables were tested with the Kolmogorov–Smirnov test, assessing whether their normality and homogeneity of variance. Then, the impact of temperature on the developmental duration of each stage, adult lifespan, and % mortality of D. baccarum was examined through analysis of variance, ANOVA, using PROC GLM. Tukey’s Studentized Range Honestly Significant Difference (HSD) was utilized for additional differentiation of means among the factors. The variation in adult lifespan between females and males was analyzed using a t-test. The ANOVA, t-test, and GLM were conducted using SAS software v9.4 [59]. Model adequacy for both linear and nonlinear developmental rate functions was evaluated by examining residual distribution, including checks for normality, homoscedasticity, and temperature-dependent patterns.





3. Results


3.1. Developmental Period


The developmental periods of eggs, nymphs, and total immature stages of D. baccarum were significantly different across temperatures. No first-instar nymphs survived under extreme temperatures (15.3 and 40.0 °C), even though egg development occurred (Table 1 and Tables S2, S3 and S7). The developmental time of D. baccarum decreased as temperature increased from 15.3 to 35.1 °C. The mean developmental period required for egg development ranged from 30.56 to 2.07 days at 15.3 to 40.0 °C, respectively. Meanwhile, the development of nymph stages ranged from 64.75 to 21.17 at 20.8 to 35.0 °C, respectively.




3.2. Developmental Distribution Model


The frequency distribution of D. baccarum developmental stages relative to normalized time (day/median) on sesame seed pods was described using the Weibull model (Figure 1). The cumulative frequency distribution of D. baccarum development time at different temperatures on the sesame seed pod was accurately represented by the Weibull model (R2 > 0.94, p < 0.0001). A linear regression model was used to describe the relationship between temperature and the developmental rates of various life stages of D. baccarum, and was applied to the mid-range development rates of sesame seed pods. The LDT and K values for each developmental stage of D. baccarum (egg, nymph, and overall immature stage development) were calculated using a regression model (Table 2).



The parameters estimated for the nonlinear function for each life stage of sesame seed pods are listed in Table 3. A typical skewed bell-shaped curve was observed, showing a steep decline at temperatures exceeding the optimum, illustrating the temperature-dependent pattern of D. baccarum development rates across the full temperature range (Figure 2). The nonlinear model (Lactin2) was identified as the most suitable representation of the temperature-dependent rate of D. baccarum development in sesame seed pods (Figure 2 and Table 3). However, the linear GLM provided a slightly better fit for the nymphal developmental rates within the mid-temperature ranges, whereas the nonlinear Lactin-2 model more accurately described the full thermal response for eggs and total immature development. The temperature range for the development of D. baccarum was estimated from TL to ΔT. Residual plots were inspected to verify that model assumptions were met and that no systematic pattern remained in the residuals.





[image: Insects 16 01245 g001] 





Figure 1. The cumulative proportions of development completion for each life stage of Dolycoris baccarum as a function of normalized time (development time/mean developmental time). The observed data were fitted using the three-parameter Weibull function. Parameter estimates for the Weibull distribution used to generate these curves are provided in Table 4. 
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Figure 2. Linear and nonlinear functions fitted to the data of developmental rate (day-1) for each life stage of Dolycoris baccarum. In the egg stage, the observation data for 40 °C were excluded from the nonlinear function model. L and NL denote linear and nonlinear models, respectively. Total immature refers to the combined developmental period from egg to adult emergence. Parameter estimates for the nonlinear Lactin2 curves shown in the figure are provided in Table 3. 
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Table 3. Estimated parameter values of the Lactin2 model against the development rate for each stage of Dolycoris baccarum.






Table 3. Estimated parameter values of the Lactin2 model against the development rate for each stage of Dolycoris baccarum.





	
Parameters

	
Life Stage




	
Egg

	
Nymph

	
Total Immature






	
ρ

	
0.0147

	
0.0022

	
0.0021




	
TL

	
35.6654

	
36.4538

	
36.3348




	
ΔT

	
0.2466

	
0.2266

	
0.2364




	
λ

	
−1.2431

	
−1.0323

	
−1.0331




	
r2

	
0.96

	
0.99

	
0.99








Egg: F3, 2 = 14.42, p < 0.0653; Nymph: F3, 2 = 187.18, p < 0.0053; Total immature: F3, 2 = 265.30, p < 0.0038.













 





Table 4. Parameter estimates of nonlinear developmental rate models of Dolycoris baccarum at different temperatures.






Table 4. Parameter estimates of nonlinear developmental rate models of Dolycoris baccarum at different temperatures.





	
Parameters

	
Life Stage




	

	
Egg

	
Nymph

	
Total Immature






	
α

	
0.3681

	
0.2335

	
0.105




	
β

	
2.6911

	
4.9538

	
2.7852




	
γ

	
0.5758

	
0.7716

	
0.8988




	
r2

	
0.95

	
0.96

	
0.97








Egg: F2, 19 = 183.86, p < 0.0001; Nymph: F2, 30 = 320.54, p < 0.0001; Total immature: F2, 32 = 467.75, p < 0.0001.












3.3. Simulation of Adult Emergence


The nonlinear function was applied to predict the daily emergence of adult D. baccarum from a cohort of eggs under different temperatures and is illustrated with respect to temperature (°C) and time (days) (Figure 3). Adult emergence occurred more quickly over a much briefer timeframe at optimal temperatures. However, adult emergence was postponed when exposed to prolonged durations of extremely low temperatures. For instance, adult emergence on the sesame seed pods occurred between 20 and 30 days at 35.1 #xB0;C, 25 and 30 days at 27.0 °C, and 90 and 97 days at 20.8 °C.




3.4. Voltinism and Spring Emergence


Based on the biofix date (1 January), the voltinism of D. baccarum on sesame seed pods varied between 2.58 and 3.16 generations over a seven-year period. The count of generations was nearly the same, with a marginal increase (3.77) in 2024. In the field, adult emergence on sesame seed pods during spring occurred between 27 June and 5 July over the seven-year period. Early spring emergence occurred on 27 June 2020, whereas late spring emergence occurred on 5 July 2019 (Table 5 and Table S1).




3.5. Adult Longevity and Sex Ratio


The lifespan of adult D. baccarum varied significantly with temperature, and the lifespans of females and males also differed across temperature treatments (Table 6 and Tables S4 and S5). Adults lived the longest at 30.1 °C (female: 44.16 and male: 36.10 days), followed by 27.0 °C (female: 37.80 and male: 34.74 days). Notably, shorter lifespans were observed at 20.8 °C for females (28.81 days) and at 35.0 °C for males (21.35 days). Female bugs that emerged from the sesame seed pod lived longer than male bugs under all temperature regimes. The female proportion of D. baccarum did not differ among temperatures (p > 0.05). The female/male ratio was approximately 1:1 at the tested temperatures. The highest female ratio (0.69) was recorded at 25.0 °C, and the lowest (0.43) was recorded at 20.8 °C.




3.6. Mortality


The mortality of each developmental stage of D. baccarum varied significantly across temperatures (Table 7 and Table S6). Egg mortality decreased with increasing temperature, with no mortality recorded at 27.0 and 30.1 °C. The highest nymph mortality (100 and 100%) occurred under extreme temperatures of 15.3 and 40.0 °C, respectively. The lowest mortality at immature stages (eggs and nymphs) was observed at mid-range temperatures (25.0 to 30.1 °C). Minimum adult mortality was observed between temperatures ranging from 25.0 to 35.0 °C, with a slightly higher rate (8.62%) at 20.8 °C.





4. Discussion


We estimated the thermal requirements for the development of D. baccarum at different temperatures to assess the relationship between temperature and the developmental processes of D. baccarum. The findings demonstrate that temperature is one of the most important environmental factors determining the developmental processes of insects. The developmental phenomenon of our study shows that the developmental time of the D. baccarum population decreased significantly as temperature increased (Table 1). Moreover, this supports the idea that temperature significantly influences developmental time and accelerates the development of several insect species, including D. baccarum, under rising temperature conditions. This aligns with previous studies that have identified temperature as one of the most influential abiotic factors affecting the overall developmental processes of insects [21,22,60,61]. Therefore, these results contribute to the development of forecasting models, the estimation of spring adult emergence in the field, and the formulation of integrated management strategies for hemipterans, including D. baccarum. Moreover, this study provides insight into how global warming-mediated temperature increases influence the biological processes and population dynamics of flora and fauna. These climatic-driven changes are considered among the most significant challenges to pest management and food security worldwide [16,62,63].



In this study, we estimated the thermal requirements of D. baccarum using linear and nonlinear developmental rate models on sesame seed pods and found that the development of eggs and nymphs was shorter at higher temperatures and longer at lower temperatures. This developmental pattern is largely in agreement with previous studies [13,41,64]. We estimated total development times of 80.09 at 20.8 °C and 44.26 days at 25.0 °C, which are slightly higher than the estimates (65 days) at 20 °C reported by [41] and (28.9 days) at 25.0 °C by [13]. This inconsistency may arise from differences in the genetic makeup of the D. baccarum population, experimental setup or methodology, and food sources. In this study, the developmental period of D. baccarum on sesame seed pods was examined, in contrast to previous studies [41] and [13] which used raw peanuts as food sources. Therefore, this observed variation may have affected the available nutrient content of the food sources provided [30,31]. Refs. [30,31] performed nutrient content analysis of different host plants of Spodoptera species and found that nutrient content significantly varied among host plants, which further affected the developmental time of S. exigua and S. litura. At extreme temperatures (15.3 and 40.0 °C), none of the nymph stages survived. This unsuccessful development and the subsequent mortality of nymphs may be attributed to rapid dehydration and physiological stress induced by exposure to cold and hot temperatures. This explanation is supported by Van der Have [65], MacQuarrie et al. [66], and Neven [67], who reported that prolonged exposure to extreme temperatures causes metabolic disorders and insect death by disrupting biological processes. Certain temperature-related events produce stressful environmental conditions that disrupt normal insect development, potentially causing mortality (especially in immature stages) due to significant tissue damage from cold stress or accumulated damage that leads to metabolic disruptions, even at temperatures above freezing [68,69]. Insect development and mortality also depend on the freeze tolerance and supercooling point of each insect species. Ref. [70] mentioned that freeze-tolerant insects raise their supercooling point for winter to trigger freezing at elevated temperatures, while freeze-avoiding insects endure winter in a supercooled condition by lowering their supercooling point. Meanwhile, when temperatures rise above a critical level, the enzymes essential for metabolic and physiological functions become denatured, halting developmental processes [71]. In addition to the impact on metabolic and physiological functions, the exposure duration to temperature extremes may also influence developmental variables. Ref. [72] reported that prolonged exposure to thermal extremes during various developmental stages generally affects insect life history, reducing egg hatching and larval survival to adulthood, and may also cause deformities in adult insects. Refs. [73,74] reported that thermal tolerance and physiological adjustments of insects also impact the development and survival of insect species. However, this type of mortality varied depending on the rearing conditions (laboratory-reared vs. outdoor field-collected insects) [75]. Therefore, nymphal development failure at constant extreme temperatures in the laboratory may not occur in the field due to fluctuating temperatures. In addition to affecting the life variables of insects, temperature also affects host plant physiology, indirectly altering the development of insect species [76]. Apart from temperature, the photoperiod also influences the development, reproduction, oviposition, and diapause of D. baccarum [10,13,41]. Ref. [41] reported that developmental time was significantly extended at temperatures of 20 or 25 °C with an extended light duration; however, when the light duration was extended to 16L:8D and 18L:6D, the developmental time was significantly reduced. In addition, the developmental time was notably reduced with higher temperatures, with a photoperiod of 12L:12D for short days and 16L:8D for long days. In addition, Ref. [13] reported the impact of the photoperiod and temperature on the growth rate, developmental time, and adult size of D. baccarum.



In the present study, we found that temperature plays a critical role in regulating the lifespan of D. baccarum. However, the proportion of female D. baccarum did not vary, and almost equal numbers of each sex emerged when nymphs were fed with sesame seed pods under the tested temperature regimes, with a slight decrease at 20.8 °C (Table 6). Longevity variations seen among temperatures may also be attributed to the nutritional quality and quantity of the host plant, as well as the temperature. This was presented in Refs. [30,31], which reports the relationships between life variables and host plants and their effects on the development and longevity of Spodoptera sp. Having said that, we suspect that temperature has played an important role in the lifespan of D. baccarum in this study as the insects received the same food source at all tested temperatures. In addition to the nutritional quality of host plants, differences in longevity may be associated with various factors and interactions, such as the intricate relationship between particular native environmental conditions and sex-specific reproductive costs, epigenetic regulation of longevity through DNA methylation imprinting, and enhanced fecundity and aging protection resulting from mating or elements of the male ejaculate [77].



A population growth assessment of organisms is typically performed using origin and development-based minimum temperature thresholds [78]. Kiritani [79] proposed that utilizing the LDT (To) and thermal constant (K) reported for insects can help forecast the phenology of insect communities in the context of global warming. In this study, we assessed the effects of LDT and K on the development of D. baccarum using a linear model derived from sesame seed pods. The analysis of the linear model was used to estimate the LDT (14.22 °C) and K (492.22 DD) values so we could understand the development of D. baccarum under varied temperatures (Table 2). The LDT we calculated was nearly identical to the LDT (13.2 °C) reported by [80,81] for Pentatomidae species. However, the estimated K value (492.22 DD) in this study differed from the estimation of Kiritani (447.11 DD for the Pentatomidae species) [81,82]. The LDT that we estimated is in agreement with the LDT estimated by Ahn [82] for Hemipterans, who reported that 14.1 °C resulted in total immature stage development. The variations in the thermal requirements for development could be attributed to several factors, such as the conditions under which the bugs are reared, the environmental factors they are exposed to, available food types (plant/seed/host/artificial diet), nutrient compositions of host plants, and the overall configurations of the experiments. Therefore, it is important to consider whether the materials and methods employed affect the developmental needs of D. baccarum.



The Intergovernmental Panel of Climate Change [83] states that the majority of the warming estimated over the past 50 years is a result of human actions. The worldwide average surface temperature is estimated to rise by 1.4–5.8 °C between 1990 and 2100. The IPCC indicated that a global temperature increase of roughly 2 °C in the coming century will cause adverse impacts, affecting the majority of areas worldwide. The most predictable effects of climate change will significantly influence the behavior and population dynamics of herbivorous insects; typically, the annual number of generations is a crucial factor influencing multivoltine species populations [84]. Moreover, temperature-driven extended seasons for reproduction and reduced diapause could lead to more generations each year or enhanced success in overwintering [70,73,74]. In this study, we observed approximately three generations annually in Korea, based on the estimated thermal data of D. baccarum (Table 5). This is consistent with the findings of Nakamura and Numata [10], who reported that D. baccarum can produce three generations per year in Japan. Considering the climate change trends observed in recent years, Kiritani [85] noted the likelihood of an increase in the number of generations (1.02) of Pentatomidae insects. The potential for an increase in generations in Korea cannot be overlooked, as temperature fluctuations resulting from climate change are already evident, with the average temperature rising by approximately 1.0 °C over the past three decades [34]. Moreover, the impacts of climate change have already been observed in Miryang as winter temperatures increase [86], and earlier insect emergence in spring has been recorded [87].



In the present study, we calculated the minimum temperature threshold and thermal constant of D. baccarum using linear models, which are widely employed to evaluate the lower temperature limit and thermal constant of insect species [88], despite several limitations pointed out by analysts [89,90]. These models remain popular due to their simplicity, requiring minimal data inputs for definition through straightforward calculations. Moreover, their general use has been determined to be adequate, with satisfactory precision [91]. Utilizing a linear model with thermal constant estimates for sesame seed pods, we evaluated the straightforward application of a degree-day model with a biofix on 1 January [92,93] to forecast the spring emergence dates for D. baccarum in sesame fields in Korea were 1 July 2018, 5 July 2019, 27 June 2020, 4 July 2021, 28 June 2022, 1 July 2023, and 29 June 2024 (Table 5) (Maharjan, unpublished). As a result, this study may aid in understanding the temperature-sensitive growth of this polyphagous pest in Korea and is expected to be useful for predicting shifts in pest status, range of distribution expansion, winter mortality rates, generation numbers, and population control of D. baccarum with respect to climate change effects.




5. Conclusions


Our estimates of the developmental thermal requirements, developmental time, mortality, and adult lifespan of D. baccarum in the Korean local population enhance the current life history data regarding this species, and are applicable to integrated pest management (IPM). In particular, our estimates lay the groundwork for creating degree-day models and more intricate mechanistic phenology and population models for the local Korean population which can be utilized to predict the growth rates, spring emergence, and population dynamics of D. baccarum in Korea. Population growth may be examined through different climate change scenarios pertinent to the southern areas of the country or in response to IPM strategies. Future studies should also focus on validating temperature-dependent models related to the development, reproduction, and survival of D. baccarum populations in natural environments as they respond to variable temperatures. The phenological model created for this pest should be enhanced with updated data regarding temperature-dependent fecundity and lifespan, and integrated with a phenological model designed for primary crops that are significantly at risk from this pest. By linking crop models developed from our thermal estimates with pest models, stakeholders, such as IPM extension personnel, farm managers, and crop advisors, will be able to create and execute cost-effective, environmentally sustainable pest control strategies for this species. This approach will help minimize ecological harm by providing a better understanding of how pest dynamics respond to changing climatic conditions.
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Figure 3. Simulated temperature-dependent adult emergence of Dolycoris baccarum from egg cohort using nonlinear function in relation to time (day) and temperature (°C). 
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Table 1. Developmental period (days, mean ± SE) of immature stages (egg–adult) of Dolycoris baccarum on sesame seed pod as food source at different temperatures.
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Life Stage

	
Nymph Stage

	
Temperature (°C)

	

	

	

	

	




	
15.3

	
20.8

	
25.0

	
27.0

	
30.1

	
35.0

	
40.0






	
Egg

	
-

	
30.56 ± 0.8 a

	
15.34 ± 0.3 b

	
4.94 ± 0.1 c

	
4.02 ± 0.1 c

	
3.10 ± 0.0 d

	
3.18 ± 0.1 d

	
2.07 ± 0.0 e




	
Nymph

	
1st

	
Dead

	
9.58 ± 0.2 a

	
5.16 ± 0.1 b

	
3.69 ± 0.1 c

	
3.20 ± 0.1 d

	
2.88 ± 0.1 e

	
Dead




	

	
2nd

	
-

	
2.30 ± 0.1 d

	
7.20 ± 0.3 a

	
6.49 ± 0.2 b

	
3.48 ± 0.1 c

	
3.39 ± 0.1 c

	
-




	

	
3rd

	
-

	
18.27 ± 0.6 a

	
8.41 ± 0.3 b

	
6.81 ± 0.3 c

	
5.04 ± 0.2 d

	
4.16 ± 0.1 e

	
-




	

	
4th

	
-

	
5.14 ± 0.2 d

	
7.84 ± 0.3 b

	
9.30 ± 0.4 a

	
6.13 ± 0.4 c

	
4.25 ± 0.1 e

	
-




	

	
5th

	
-

	
29.46 ± 0.2 a

	
10.71 ± 0.7 b

	
8.64 ± 0.4 c

	
8.54 ± 0.1 c

	
6.49 ± 0.3 d

	
-




	
Total

(1–5 stage)

	
-

	
-

	
64.75 ± 0.2 a

	
39.32 ± 0.3 b

	
34.93 ± 0.3 c

	
26.39 ± 0.4 d

	
21.17 ± 0.2 e

	
-




	
Total

(egg-adult)

	
-

	
-

	
80.09 ± 0.3 a

	
44.26 ± 0.2 b

	
38.95 ± 0.3 c

	
29.49 ± 0.4 d

	
24.35 ± 0.2 e

	
-








Initial egg no.: 49 at 15.3 °C, 58 at 20.8 °C, 55 at 25 °C, 51 at 27 °C, 49 at 30.1 °C, 56 at 35 °C, and 74 at 40 °C. ANOVA for Egg: F6, 360 = 1528.59, p < 0.0001; First-instar nymphs: F4, 229 = 688.53, p < 0.0001; Second-instar nymphs: F4, 227 = 94.86, p < 0.0001; Third-instar nymphs: F4, 227 = 331.16, p < 0.0001; Fourth nymph stage: F4, 227 = 47.25, p < 0.0001; Fifth nymph stage: F4, 227 = 374.76, p < 0.0001; Total nymph (1–5 instar): F4, 237 = 2893.18, p < 0.0001; Total (egg-adult): F4, 237 = 4552.16, p = 0.0364. Means followed by the same letters in a row are not significantly different between temperatures (ANOVA, Tukey’s HSD test, p < 0.05). SE: Standard error.













 





Table 2. Linear regression analysis of pre-adult development, lower developmental threshold (LDT), and thermal constant (K) for Dolycoris baccarum.






Table 2. Linear regression analysis of pre-adult development, lower developmental threshold (LDT), and thermal constant (K) for Dolycoris baccarum.





	Life Stage
	Linear Regression
	r2
	LDT (°C)
	K (DD)





	Egg
	0.0179 T–0.2559
	0.94
	14.27
	55.76



	Nymph
	0.0023 T–0.0315
	0.99
	13.90
	442.08



	Total immature
	0.0020 T–0.0289
	0.99
	14.22
	492.22







T indicates test temperature. Egg: F1, 5 = 77.78, p < 0.0003; Nymph: F1, 3 = 596.02, p < 0.0001; Total immature: F1, 3 = 263.06, p < 0.0005.













 





Table 5. Estimated annual voltinism over a seven-year period in Miryang, Korea, based on a biofix date of 1 January and spring emergence dates of Dolycoris baccarum adults.






Table 5. Estimated annual voltinism over a seven-year period in Miryang, Korea, based on a biofix date of 1 January and spring emergence dates of Dolycoris baccarum adults.





	
Year

	
Food Source

	
Biofix of 1 January

	




	
Thermal Constant (DD)

	
Emergence Date






	
2018

	
Sesame

	
496.59

	
1 July




	
2019

	
Sesame

	
501.93

	
5 July




	
2020

	
Sesame

	
496.96

	
27 June




	
2021

	
Sesame

	
500.12

	
4 July




	
2022

	
Sesame

	
496.74

	
28 June




	
2023

	
Sesame

	
501.69

	
1 July




	
2024

	
Sesame

	
499.08

	
29 June








Spring emergence dates for Dolycoris baccarum adults were predicted from the degree-day calculation using the same weather data for each year for host plants (sesame) based on the lower developmental threshold (LDT).













 





Table 6. Adult longevity (days, mean ± SE) of immature stages (egg–adult) and sex ratio (female proportion) of Dolycoris baccarum on sesame seed pod as food source at different temperatures.






Table 6. Adult longevity (days, mean ± SE) of immature stages (egg–adult) and sex ratio (female proportion) of Dolycoris baccarum on sesame seed pod as food source at different temperatures.





	
Parameters

	
Sex

	
Temperature (°C)

	

	

	

	

	

	




	
15.3

	
20.8

	
25.0

	
27.0

	
30.1

	
35.0

	
40.0






	
Longevity

	
Female

	
-

	
28.81 ± 0.8 e, *

	
35.15 ± 0.3 c, *

	
37.80 ± 0.3 b, *

	
44.16 ± 0.6 a, *

	
31.52 ± 1.3 d, *

	
-




	

	
Male

	
-

	
24.38 ± 0.4 c

	
32.28 ± 0.4 b

	
34.74 ± 0.3 a

	
36.10 ± 1.3 a

	
21.35 ± 0.9 d

	
-




	
Sex ratio

	
-

	
-

	
0.43

	
0.69

	
0.52

	
0.54

	
0.47

	
-








ANOVA for female: F4, 110 = 66.76, p < 0.0001 and male: F4, 111 = 84.94, p < 0.0001. T-test for 20.8 °C: t15 = 5.93, p < 0.0001; 25 °C: t24 = 5.28, p < 0.0001; 27 °C: t22 = 6.70, p < 0.0001; 30.1 °C: t20 = 6.53, p < 0.0001; 35 °C: t22 = 10.28, p < 0.0001. Means followed by the same letters in a row are not significantly different among temperatures (ANOVA, Tukey’s HSD test, p < 0.05). * Significantly different between sexes (t-test, p < 0.05). SE: Standard error.













 





Table 7. Mortality (%, mean ± SE) of different stages of Dolycoris baccarum on sesame seed pod as food source at different temperatures.






Table 7. Mortality (%, mean ± SE) of different stages of Dolycoris baccarum on sesame seed pod as food source at different temperatures.





	
Life Stage

	
Temperature (°C)

	

	

	

	

	




	
15.3

	
20.8

	
25.0

	
27.0

	
30.1

	
35.0

	
40.0






	
Egg

	
20.41 ± 5.9 a

	
13.79 ± 4.6 b

	
1.82 ± 1.4 d

	
0.00 ± 0.0

	
0.00 ± 0.0

	
1.79 ± 1.5 d

	
6.76 ± 2.7 c




	
Nymph

	
100 ± 0.0 a

	
13.79 ± 4.5 b

	
3.64 ± 2.6 d

	
5.88 ± 3.4 c

	
4.08 ± 2.9 d

	
5.36 ± 3.1 c

	
100 ± 0.0 a




	
Adult

	
-

	
8.62 ± 3.8 a

	
1.82 ± 1.5 b

	
1.96 ± 0.9 b

	
2.04 ± 1.9 b

	
1.79 ± 1.5 b

	
-








ANOVA for Egg: F6, 385 = 5.75, p < 0.0001; Nymph: F6, 385 = 124.84, p < 0.0001; Adult: F6, 385 = 2.27, p = 0.0364. Means followed by the same letters in a row are not significantly different between temperatures (ANOVA, Tukey’s HSD test, p < 0.05). SE: Standard error. - Hyphen inside table indicates no adult development due to nymph mortality.
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