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Simple Summary


This study examined the ex situ conservation of eight Korean tiger beetle species through captive rearing. High mortality (37.5–80%) occurred during the transition from the pre-pupa to pupa stage, indicating that mass rearing is needed for effective population establishment. Reared-type adults were generally smaller than wild-type adults, and feeding habits, as well as the overwintering start point, varied by species. Overall, our results indicate that to develop a successful ex situ conservation method for endangered tiger beetles, it is crucial to adjust rearing methods to suit each species, rather than relying on general rearing methods. In addition, burrow entrance size was limited for species identification, while head and pronotum coloration were more useful.




Abstract


Tiger beetles serve as bioindicators of ecosystem health but are under increasing threat from habitat loss and population decline. Ex situ conservation via captive breeding offers promise for species lacking viable wild populations. We evaluated laboratory rearing from egg to adult for eight Korean tiger beetle species to determine the developmental period per developmental stage, mortality rates, larval burrow entrance size, and head–pronotum morphological characteristics under controlled laboratory conditions. High mortality (37.5–80%) occurred during the transition from the pre-pupa to pupa stage, suggesting that mass larval production is needed to offset losses. Reared-type adults of most tiger beetle species tended to be smaller in body length than wild-type adults. Species-specific behaviors (e.g., feeding habits in Cephalota chiloleuca) and the overwintering times of spring–fall and summer species are different, indicating that uniform rearing protocols are suboptimal. Our findings suggest the importance of species-specific adjustment of rearing methods (feeding frequency, overwintering timing) to increase the success of ex situ conservation methods for tiger beetles. In addition, the larval burrow entrance size offered limited utility for species identification in mixed-species habitats, whereas the color of the head and pronotum was considered helpful in identifying some tiger beetle species.
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1. Introduction


There are approximately 2600 species of tiger beetles known worldwide [1], and their habitats range from desert [2] and riverine [3] to salt marshes [4] and coastal areas [5], and they even include extremely hot spring regions [6]. Tiger beetles are considered a flagship species, providing indicators of their habitat environment due to their ecological characteristics, which include their habitat specificity [7]. Because adults and larvae reside in confined areas within their habitats, they are highly vulnerable to rapid environmental changes. Consequently, many tiger beetles are designated as endangered species and are protected [8]. In order to prevent tiger beetle population decline, conservation strategies primarily involve relocating and reinforcing larvae from healthy habitats to disturbed habitats, thereby strengthening the population [9]. Alternatively, captive propagation and larvae release strategies are implemented, involving capturing a small number of adults from healthy habitats and then mass-producing larvae, releasing them to a suitable habitat to establish a population [10,11].



However, when healthy populations are unavailable and sufficient larvae or adults of tiger beetles cannot be collected from the habitat for the aforementioned conservation strategies, in situ approaches become impractical. In such cases, ex situ conservation (i.e., captive breeding) based on the sanctuary concept can serve as an alternative approach to maintain and conserve target tiger beetle species in a laboratory environment. For this purpose, first, obtaining basic information on the ecological characteristics and life history of the target tiger beetle species is crucial [12]. Unfortunately, this approach is likely to be more successful in insect species with high egg production and survival rates, such as fruit fly and mealworm beetles. Maintaining a healthy population of insects through multiple generations with captive breeding is a difficult process, in part because long-term captive breeding may result in genetic deterioration [13], a decrease in fertility [14,15], and behavioral [16] and morphological [17] changes.



Until the early 2000s, a total of 18 species of tiger beetle were reported to inhabit South Korea [18]. However, recent exclusions due to misidentification (Cicindela japana Motschulsky, 1857 [19]; Callytron nivicincta Chevrolat, 1845 [20]; Calltyron yuasai subsp. yuasai, Nakane, 1955 [21]), regional extinction (Cicindela coerulea subsp. nitida Lichtenstein, 1796 [22]), and the addition of unrecorded species (Cylindera kaleea Bates, 1866 [23]), only 16 tiger beetle species are currently known to occur in South Korea. Among these are four summer species (i.e., tiger beetles that are active as adults in summer, lay eggs, and die that year) that are regionally red listed: Cicindela (Abroscelis) anchoralis Chevrolat, 1845 [20] (Critically Endangered); Calomera brevipilosa Horn, 1908 [24] (Vulnerable), Cicindela obliquefasciata Adams, 1817 [25] (Vulnerable); and Chaetodera laetescripta Motschulsky, 1860 [26] (Least Concern), due to habitat destruction and population declines [27]. While general habitat monitoring has been conducted for these endangered tiger beetles, research on basic ecological information, including life cycles, necessary for population restoration, has not been conducted. Thus, this preliminary study was conducted to assess the feasibility of rearing Korean tiger beetles through captive breeding under laboratory conditions and to identify key rearing processes essential for developing ex situ conservation methods for endangered tiger beetle species. In addition to studying ex situ conservation methods, we analyzed the size of larval burrow entrances and the head with the pronotum color of larvae to determine whether habitat monitoring is possible during the non-adult activity period.




2. Materials and Methods


In this study, we reared four spring–fall species (Cicindela transbaicalica Motschulsky, 1844 [28]; Cicindela gemmata Faldermann, 1835 [29]; Cicindela lewisii Bates, 1873 [30]; Cicindela chinensis DeGeer, 1774 [31]) and four summer species (Cicindela elisae Motschulsky, 1859 [32]; Cephalota chiloleuca Fischer, 1820 [33]; Myriochila specularis Chaudoir, 1865 [34]; Chaetodera laetescripta Motschulsky, 1860 [26]) of Korean tiger beetles, developing them from egg to adult in the laboratory to determine the required developmental time and mortality rates for each developmental stage. Furthermore, we compared the body sizes of wild and propagated adults to assess whether propagated adults developed properly under laboratory conditions. We also compared the larval burrow entrance size of each tiger beetle species and the differences in the head and pronotum color of the larvae to determine whether habitat monitoring was possible with these ecological and morphological characteristics during the period, excluding the adult activity period in the habitat (Figure 1).



2.1. Field Collection and Adult Rearing


This study was conducted from 2023 to 2024, with each tiger beetle species captured during the adult activity season (May to June). To prevent over-collection by insect collectors, our capture sites for each tiger beetle species were approximately described rather than providing the exact habitat location. The number and habitat location of each species captured are described in Supplementary Material Table S1. Each tiger beetle was captured using an insect net at the field sites and transferred to an adult rearing jar (120 mm in diameter and 80 mm in height) filled with habitat soil pressed down to a height of 5 cm. The adult rearing method was modified from that used in a previous study [11]. All adult tiger beetles were individually reared in the adult rearing jar containing flattened surface habitat soil at a height of 5 cm. Each adult rearing jar was maintained in a controlled room, with a temperature of 24 to 25 °C, a relative humidity of 55 to 60%, and a 14:10 light–dark cycle. All adult tiger beetles were fed four workers of frozen Japanese wood ants (Formica japonica) and four frozen third-instar nymphs of two-spotted crickets (Gryllus bimaculatus) per day. The diet of adult tiger beetles was based on food sources identified in previous studies [35]. The day after feeding, any remaining diet debris was removed and replaced with fresh diet. Adult tiger beetles have behavioral characteristics of embedding their mouthparts in the soil to absorb moisture and laying eggs in soil with appropriate moisture conditions [36]. Thus, to maintain soil moisture suitable for oviposition within the adult rearing jar, water was sprayed onto the soil surface once daily.



To encourage copulation, a male was placed in the female rearing jar until copulation was observed. After copulation, the male was transferred back to the original rearing jar. This was repeated once a week until oviposition burrows were observed, after which the female was transferred to a new adult rearing jar. The rearing jars with oviposition burrows (and presumably eggs) were then stored under the same conditions as for adult rearing and were sprayed with water once a day to maintain soil moisture until the 1st-instar larvae hatched. All collected adults (wild type) were reared until they died and then transferred to 1.5 mL tubes and stored in a −20 °C freezer until measuring body length for comparison with the emerged adults (rear type).




2.2. Larvae Rearing


All larvae were reared under identical laboratory conditions as adults and individually because larvae exhibit cannibalistic behavior. The larval rearing tube was the bottom of a 50 mL conical tube (28 mm width × 120 mm height) with a cork lid (22 mm width × 25 mm height) inserted at the bottom of the tube, as described in a previous study [11]. The larval rearing tubes were filled with soil identical to the soil inhabited by the adults and compacted firmly. The soil surface was then leveled approximately 2 cm below the top of the tube and then compacted firmly with the fingers, and the soil surface was sprayed with water to prevent loosening of soil particles and to even out the surface.



When the 1st-instar larval burrows appeared in the adult rearing jar containing eggs, the soil was poured onto a stainless-steel tray, with the soil carefully separated to expose the first-instar larvae, which were then transferred to the soil surface of the larval rearing tubes. After transferring the larvae, a breathable 50 mL tube cap was placed on the rearing tube to prevent larvae from escaping. Once the 1st-instar larvae completed their burrowing, soil clumps from the larval burrowing were removed.



The larvae’s diet was modified from a previous study [35] and adjusted according to the developmental stage as follows: 1st-instar larvae were fed five frozen female fruit flies (Drosophila melanogaster) per day, 2nd-instar larvae were fed three frozen 3rd-instar cricket (Gryllus bimaculatus) nymphs per day, and 3rd-instar larvae were fed one frozen 4th-instar cricket nymph per day. After the prey items were thawed, they were attached to a feeding tool that consisted of a No. 0 insect pin taped to a bamboo chopstick, as described in a previous study [37]. The prey was pierced with the tip of the feeding tool and presented to the larva at the burrow mouth. The uneaten prey debris that larvae threw out of the burrow was removed once a day before feeding. When the soil in the larvae rearing tube was dry or severely contaminated by mold or green algae, the larvae were transferred to a new tube.




2.3. Overwintering


Excluding spring–fall species of tiger beetles (which developed into pre-pupae and pupae before winter), summer species of tiger beetles, whose 3rd-instar larvae had completed development, were placed in new larval rearing tubes. Once the larvae had completed their burrows, additional soil was added to fill the tubes, which were closed with breathable lids. The larval rearing tubes were inserted into tube racks and placed approximately 30 cm underground in the outdoor overwintering site. The tubes were then completely covered with river sand, ensuring no gaps were left between the tubes, and kept for an overwintering period that lasted 114 days, from November to March. The underground temperature in the outdoor overwintering site decreased from 15 °C to a low of 0 °C in winter and then rose to 15 °C in spring. After overwintering in March (1 March 2024 and 2025), the larval rearing tubes were removed from the overwintering site and transferred to laboratory conditions at 18 °C. The larvae were then transferred to new rearing tubes. The temperature in the laboratory was then increased by 2 °C every week until it reached 25 °C after 21 days, allowing for acclimatization after overwintering.




2.4. Pre-Pupa and Pupa Incubation


The initiation of the pre-pupal stage was indicated when the larvae constructed a pupal chamber and began peristalsis (dorsal–ventral movement). In order for pupation to be observed, the pre-pupal larvae were transferred to an artificial pupal chamber created by pressing an index finger 3 cm below the soil surface to create a 2.5 cm long × 2 cm wide chamber at a 30° angle. After creating the artificial pupal chamber, the soil surface was thoroughly watered to prevent it from collapsing due to drying. The pre-pupa was transferred using a reagent spoon and placed in the artificial pupal chamber with the head of the pre-pupa facing the soil surface and the abdomen oriented downward. The pre-pupae were then incubated under the same rearing conditions as adults, and water was sprayed on the walls of the rearing jar containing the artificial pupal chamber once a day to prevent drying. The pupae that had eclosed from the pre-pupae were kept under the same conditions and methods until they emerged as adults.




2.5. Observation Criteria for Developmental Stages


Hatching of 1st-instar larvae was impossible to observe due to the eggs being buried underground. Instead, the time from the formation of the 1st-instar larval burrow entrance was used as the start point for the 1st larval stage. Molting from 1st-instar larvae to 2nd-instar larvae occurs within burrows and cannot be observed, making it impossible to use the molting point as the endpoint. Instead, the time from the formation of the 2nd-instar larval burrow entrance was used as the endpoint for the 1st-instar larval stage. These same criteria were used to determine the times for the 2nd- and 3rd-instar larvae. However, the endpoint of the 3rd-instar larval stage was based on the transition point from 3rd-instar larva to pre-pupa. The developmental period of the 3rd-instar larvae was measured by dividing it into the developmental period for 3rd-instar larvae including the overwintering period, and the developmental period for 3rd-instar larvae excluding the overwintering period. The starting point of the pre-pupal stage was defined as the point when the 3rd-instar larvae, after creating a pupal chamber, were unable to use their legs and were moving in a peristaltic manner, and the abdominal area below the median hook was not folded. The endpoint of the pre-pupal stage was determined based on the time of molting into a pupa, while the pupal period is from the time the beetle molts from the pre-pupal stage to the time it emerges as an adult. Each developmental period was determined in days and recorded as mean and standard deviation values.




2.6. Measurement of Adult Body Length


Adult insect body size is affected by nutritional intake [38] and temperature conditions [39] during the larval stage. Thus, to determine whether the diet and quantity provided to larvae negatively affected the development of reared-type adults, the body sizes of wild-type and reared-type adults were measured and compared. After the adults died, they were frozen at −20 °C, and their body length was measured. To reduce individual body length measurement errors, all adults were measured with their heads, thoraxes, and elytra aligned. The mandibles (jaws) were excluded due to their significant differences in length between the closed and open positions. Body length was measured from the point of the frons (forehead) to the tip of the elytra using a vernier caliper (Absolute 500-181-30, Mitutoyo, Kawasaki-shi, Japan) capable of measuring to two decimal places.




2.7. Measuring the Diameter of the Larval Burrow Entrance and Photographing the Larval Head and Pronotum


Comparing the diameter of larval burrow entrances is the most useful method for determining larval developmental stages without removing them from their burrows [40]. In this study, we measured the diameter of larval burrow entrances from the three larval instars to determine whether burrow diameters can be used to differentiate species within the habitat. Diameters of the larval burrow entrance in larvae rearing tubes were measured under a digital-camera-equipped microscope (SMZ 745T with MSIP-REI-OB2-Truechrome IIs, Nikon, Tokyo, Japan) with a measurement program (TCapture, Tucsen, Fuzhou, China). In addition, we photographed the color and pattern of the head and pronotum of the larvae of the eight species under a microscope to determine if they were useful for species identification.




2.8. Data Analyses


We used the non-parametric Kruskal–Wallis test to compare the diameters of the larval burrow entrance because values were not normally distributed (Shapiro–Wilk tests, p = 0.05), and the variances were unequal (Bartlett tests, p = 1.5 × 10−4) following Dunn’s post hoc test, when statistical differences were observed between tiger beetle species. The body length values of wild-type adults and reared-type adults were compared using a two-sample t-test for each sex. The above two statistical analyses were conducted using R version 4.5.1 [41].





3. Results and Discussion


3.1. Comparison of Developmental Periods by Developmental Stage of Eight Species of Tiger Beetles


Our results found that among the spring–fall species, C. transbaicalica had the shortest larval development periods (from first to third instar), ranging from approximately 50 days in C. transbaicalica to approximately 90 days in C. chinensis. Excluding the overwintering period, summer species showed relatively short larval development periods in C. elisae (approx. 125 days) and C. specularis (approx. 127 days), while C. chiloleuca (approx. 187 days) and C. laetescripta (approx. 175 days) showed relatively long larval development periods. Although the developmental period of the third-instar larvae of C. lewsii was much shorter than that of the first- and second-instar larvae, most tiger beetle species required a longer developmental period as the larvae developed from the first- to third-instar larvae (Table 1).



The pre-pupal developmental period was the shortest for C. chiloleuca, averaging 9 days, while C. gemmata had the longest, averaging 22 days. In addition, the pupal development period was the longest for C. lewsii with an average of 21 days, and the shortest for C. elisae with an average of 15 days. The mortality rate was high in most of the tiger beetle species due to failure to molt from the pre-pupal to pupal stages (Table S2). Further studies are needed to elucidate whether the high mortality rate during this process is caused by transferring the pre-pupae to an artificial pupal chamber or whether it was caused by frequent molting failure during this developmental stage.



In a previous study, larval development of Cicindela (Abroscelis) anchoralis was delayed compared to other tiger beetle species due to its burrowing behavior, which involves creating multiple burrows, unlike other tiger beetle species [11]. In this study, it was confirmed that the larval development of C. chiloleuca was significantly delayed (average of 45 days for the first- and second-instar larvae) compared to other species because the first-instar larvae fed on prey items for no longer than one minute before throwing the partially eaten prey from the burrow. Most larvae of the other tiger beetles in this study stored prey at the bottom of their burrows after capture, fully consuming them, and then throwing the remaining debris out of the burrow (D.C.’s observation). This behavior of C. chiloleuca larvae resulted in less prey being consumed, leading to delayed larval development and higher mortality of first-instar larvae.



Previous laboratory propagation studies on Cicindela chinensis japonica showed that the developmental periods of the first-, second-, and third-instar larvae were, on average, 63 days, 28 days, and 1 year, respectively [35]. In that study, larvae appeared to have a delayed development time compared to C. chinensis in the present study. This difference appears to be the result of feeding once every two weeks and creating rearing conditions similar to natural environmental conditions (rearing larvae close to a window site) rather than feeding every day, with constant temperature, humidity, and light conditions in this study.



In addition, although it is not the result of artificial laboratory propagation, the developmental period of the larvae of the seven species of tiger beetles in their natural habitat was traced. Although there were differences depending on the species, the developmental periods of first-, second-, and third-instar larvae were found to be 1 to 2 months, 6 months, and 10 months on average, respectively [42]. In nature, the developmental period of the larvae of the tiger beetle is significantly longer than that of those reared in the laboratory. This is thought to be because the larvae do not actively hunt but rather settle in burrows, passively waiting for prey to pass by, preventing them from consistently hunting a constant amount of prey throughout their larval stage. This deprivation of prey in nature has been reported to delay larval development [35]. Moreover, a previous ex situ conservation study on another carnivorous beetle, Dytiscus sharpi, reported that the larval developmental period and the body size of reared adults varied depending on feeding conditions [43].



Therefore, to properly artificially propagate each tiger beetle in the laboratory, species-specific propagation methods would be applied by adjusting daily food quantity and the frequency of feeding according to the characteristics of each tiger beetle species after identifying the ecological and behavioral characteristics of the larval stage of the tiger beetle (e.g., daily intake; hunting and burrowing behavior).




3.2. Overwintering Requirements for Each Tiger Beetle Species


In South Korean tiger beetle species that begin the first instar in spring (April to May), the third instar larvae immediately create a pupal chamber after completing development and develop into a pre-pupal stage without overwintering. On the other hand, species that begin the first instar in the summer (June to August) do not create a pupal chamber after the third-instar larvae have completed development; rather, they block the burrow entrance and remain inside the burrow for overwintering. These behavioral patterns before the beetles enter overwintering correspond precisely to the two categories that divide the life history of the tiger beetle into the adult activity period (spring–fall species versus summer species) [44]. Therefore, it is necessary to adjust the target developmental stage of overwintering to reflect these different behavioral patterns.



In previous captive propagation studies of spring–fall species of tiger beetles, the reared adults were fed sufficiently before overwintering [45], but for summer species, the larvae are overwintered when they completed development and closed their burrows. This means that the timing of overwintering should be different for each tiger beetle species when artificially propagating. Therefore, to determine the exact time of overwintering, it is necessary to know if the target tiger beetle species is a spring–fall species or a summer species.




3.3. Comparison of Body Length of Reared-Type and Wild-Type Adult Tiger Beetles


While the body length of reared-type adults of C. chiloleuca (t-test, female, p = 0.34; male, p = 0.93), C. lewisii (t-test, female, p = 0.25; male, p = 0.07), C. transbaicalica (t-test, female, p = 0.11), C. gemmata (t-test, female, p = 0.24), C. elisae (t-test, male, p = 0.52), and C. laetescripta (t-test, male, p = 0.27) did not significantly differ from that of wild-type adults, some reared-type adults of C. transbaicalica (t-test, male, p = 1.9 × 10−5), C. chinensis (t-test, male, p = 0.015), and C. laetescripta (t-test, female, p = 3.4 × 10−3) tended to be smaller than their wild counterparts (Figure 2). Since the number of reared-type adults in some species was limited, statistical comparisons between reared-type and wild-type adults were not always possible (Tables S1 and S2). Future studies should determine whether the difference in body size between reared-type and wild-type adults results from sampling limitations or rearing methods, which will require analyses based on a larger number of individuals.



Previous studies have found that temperature [39,46] and food intake [38,47] were the factors that caused a decrease in adult size during laboratory rearing. To establish these species-specific rearing conditions, it is necessary to conduct a preliminary investigation of temperature variations (surface temperatures for adults and subsurface temperatures for larvae) within the habitat during larval and adult activity. It is also necessary to select an appropriate amount of prey for each larval stage. Finally, as described above, behavioral characteristics, such as the feeding behaviors (prey storage) that affect development, should be identified and adjusted for each species.




3.4. Evaluation of Larval Burrow Entrance and Head with Pronotum for Habitat Monitoring


As in a previous study of larval burrow diameters [11], we found larval burrow diameters can be used to determine the larval instar of a species, but not for distinguishing different species occurring in the same habitat (Figure 3). In contrast, the color of the head and pronotum of the larvae was useful for distinguishing certain species. The head and pronotum were both black in three species (C. transbaicalica, C. gemmata, and C. chinensis), so these could not be distinguished. The other five species had different and/or contrasting colors of the head and pronotum and could be effectively distinguished (Figure 4). It was judged that the characteristics of the larval head and pronotum can be used as a classification key for habitat monitoring through the observation of larvae during periods when adults are not active, particularly in some species.





4. Conclusions


The results of this study of artificial propagation of eight species of Korean tiger beetle found that high mortality rates (37.5~80%) during transition from the pre-pupal to pupal stage will require mass rearing of rare and endangered species to produce sufficient adults for the effective establishment of field populations. Our study also found it necessary to determine species-specific rearing methods, including the temperature, food type and amount, and behavioral characteristics that affect development. Understanding conditions for overwintering that differ between spring–fall and summer species is especially important. Although larval burrow size provided limited information for habitat monitoring, it can be used to infer larval developmental stages. Moreover, differences in larval head and pronotum morphology may serve as useful diagnostic features for habitat monitoring of certain tiger beetle species.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ani15203032/s1: Table S1: Location information of beetle collection and the body length recorded from wild adult tiger beetles. Table S2: Life history records of eight tiger beetle species reared under laboratory conditions.





Author Contributions


Conceptualization, D.C.; methodology, D.C.; formal analysis, D.C. and J.-K.J.; investigation, D.C.; resources, D.C.; data curation, D.C. and J.-K.J.; writing—original draft preparation, D.C., J.-K.J., and C.B.K.; writing—review and editing, D.C., J.-K.J., and C.B.K.; visualization, D.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute of Ecology (NIE), Republic of Korea, through a study on reinforcing population and restoring endangered insects and invertebrates (NIE-B-2025-48).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data analyzed during this study are available in the Supplementary Materials.




Acknowledgments


We sincerely thank the biologists whose dedicated research in all fields of insects has significantly contributed to efforts to restore endangered tiger beetle species.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Pearson, D.L.; Cassola, F. A quantitative analysis of species descriptions of tiger beetles (Coleoptera: Cicindelidae), from 1758 to 2004, and notes about related developments in biodiversity studies. Coleopt. Bull. 2005, 59, 184–193. [Google Scholar] [CrossRef] [Scilit]

	



Jaskuła, R.; Płóciennik, M. Water is needed to exist: Habitat preferences of tiger beetles (Coleoptera: Cicindelidae) in a desert country. Insects 2020, 11, 809. [Google Scholar] [CrossRef] [Scilit]

	



Yamamoto, N.; Sota, T. Evolutionary fine-tuning of background-matching camouflage among geographical populations in the sandy beach tiger beetle. Proc. R. Soc. B 2020, 287, 20202315. [Google Scholar] [CrossRef] [Scilit]

	



Spomer, S.M.; Brewer, G.J.; Fritz, M.I.; Harms, R.R.; Klatt, K.A.; Johns, A.M.; Crosier, S.A.; Palmer, J.A. Determining optimum soil type and salinity for rearing the federally endangered Salt Creek tiger beetle, Cicindela (Ellipsoptera) nevadica lincolniana Casey (Coleoptera: Carabidae: Cicindelinae). J. Kans. Entomol. Soc. 2015, 88, 444–449. [Google Scholar] [CrossRef] [Scilit]

	



Satoh, A.; Sota, T.; Ueda, T.; Enokido, Y.; Paik, J.C.; Hori, M. Evolutionary history of coastal tiger beetles in Japan based on a comparative phylogeography of four species. Mol. Ecol. 2004, 13, 3057–3069. [Google Scholar] [CrossRef] [Scilit]

	



Bowley, J.L.; Heveran, C.; Weaver, D.K.; Adams, B.; Rohwer, M.; Willemssens, K.; Oberg, E.; Higley, L.G.; Peterson, R.K.D. Thermal profiles of Cicindelidia haemorrhagica (Coleoptera: Cicindelidae) activity in hot springs in Yellowstone National Park. Environ. Entomol. 2024, 53, 829–836. [Google Scholar] [CrossRef] [Scilit]

	



Gerlach, J.; Samways, M.; Pryke, J. Terrestrial invertebrates as bioindicators: An overview of available taxonomic groups. J. Insect Conserv. 2013, 17, 831–850. [Google Scholar] [CrossRef] [Scilit]

	



Knisley, C.B.; Gwiazdowski, R. Conservation strategies for protecting tiger beetles and their habitats in the United States: Studies with listed species (Coleoptera: Carabidae: Cicindelidae). Ann. Entomol. Soc. Am. 2021, 114, 293–301. [Google Scholar] [CrossRef] [Scilit]

	



Knisley, C.B.; Hill, J.M.; Scherer, A.M. Translocation of threatened tiger beetle Cicindela dorsalis dorsalis (Coleoptera: Cicindelidae) to Sandy Hook, New Jersey. Ann. Entomol. Soc. Am. 2005, 98, 552–557. [Google Scholar] [CrossRef] [Scilit]

	



Jenkins, S.; Clevenger, T. An Update of the Captive Management and Reintroduction of the Salt Creek Tiger Beetle, Cicindela nevadica lincolniana (Coleoptera: Carabidae) at Omaha’s Henry Doorly Zoo & Aquarium; Unpublished Report; Supervisor, Berniece Grewcock Butterfly & Insect Pavilion: Omaha, NE, USA, 2015. [Google Scholar]

	



Cha, D.; Jung, J.-K. Captive propagation and observations of the endangered species Cicindela (Abroscelis) anchoralis (Coleoptera: Carabidae: Cicindelinae) in South Korea. Insect Conserv. Divers. 2024, 18, 731–742. [Google Scholar] [CrossRef] [Scilit]

	



McGowan, P.J.K.; Traylor-Holzer, K.; Leus, K. IUCN guidelines for determining when and how ex situ management should be used in species conservation. Conserv. Lett. 2017, 10, 361–366. [Google Scholar] [CrossRef] [Scilit]

	



Woodworth, L.M.; Montgomery, M.E.; Briscoe, D.A.; Frankham, R. Rapid genetic deterioration in captive populations: Causes and conservation implications. Conserv. Genet. 2002, 3, 277–288. [Google Scholar] [CrossRef] [Scilit]

	



Lewis, O.T.; Thomas, C.D. Adaptations to captivity in the butterfly Pieris brassicae (L.) and the implications for ex situ conservation. J. Insect Conserv. 2001, 5, 55–63. [Google Scholar] [CrossRef] [Scilit]

	



Stuart, O.P.; Cleave, R.; Pearce, K.; Magrath, M.J.L.; Mikheyev, A.S. Gene flow stimulates recovery of reproductive fitness in a captive bred insect. Insect Conserv. Divers. 2024, 18, 743–756. [Google Scholar] [CrossRef] [Scilit]

	



Jones, I.M.; Bourchier, R.S.; Smith, S.M. Long-term captive-rearing affects oviposition behavior and nymphal survival of a weed biological control agent. Biocontrol 2021, 162, 104727. [Google Scholar] [CrossRef] [Scilit]

	



Freelance, C.B.; Magrath, M.J.L.; Elgar, M.A.; Wong, B.B.M. Long-term captivity is associated with changes to sensory organ morphology in a critically endangered insect. J. Appl. Ecol. 2022, 59, 504–513. [Google Scholar] [CrossRef] [Scilit]

	



Kim, T.-H.; Paik, J.-C.; Jeong, K.-H. The beetles (Carabidae, Cicindelinae) of Korea. Korean J. Soil. Zool. 2005, 10, 1–15. [Google Scholar]

	



Motschulsky, V. Nouveautés. Études Entomol. 1858, 6, 108–112. [Google Scholar]

	



Chevrolat, L.A.A. Description de dix coléoptères de Chine, des environs de Macao, et provenant d’une acquisition faite chez M. Parsudaki, marchand naturaliste à Paris. Rev. Zool. Par La Société Cuvierienne 1845, 8, 95–99. [Google Scholar]

	



Nakane, T. New or little-known Coleoptera from Japan and its adjacent regions, XII. Sci. Rep. Saikyo Univ. 1955, 2, 24–40. [Google Scholar]

	



Lichtenstein, A.A.H. Catalogus Musei Zoologici Ditissimi Hamburgi. D. III. Februar 1796 Auctionis Lege Distrahendi. Sectio Tertia Continens Insecta; G.F. Schniebes: Hamburg, Germany, 1796; p. 224. [Google Scholar]

	



Bates, H.W. On a collection of Coleoptera from Formosa, sent home by R. Swinhoe, Esq., H.B.M. Consul, Formosa. Proc. Zool. Soc. Lond. 1866, 34, 339–355. [Google Scholar]

	



Horn, W. Coleoptera Adephaga. Fam. Carabidae, Subfam. Cicindelinae. In Genera Insectorum; Wytsman, P., Ed.; Fascicule 82A; Wytsman: Bruxelles, Belgium, 1908; Volume 13, pp. 1–104, pls. 1–5. [Google Scholar]

	



Adams, M.F. Descriptio insectorum novorum Imperii Rossici, imprimis Caucasi et Siberiae. Mémoires De La Société Impériale Des Nat. De Moscou 1817, 5, 278–314. [Google Scholar]

	



Motschulsky, V. Coléoptères rapportés de la Sibérie orientale et notamment des pays situés sur les bords du fleuve Amour par MM. Schrenck, Maack, Ditmar, Voznessenski, etc. Études Entomol. 1860, 9, 77–257. [Google Scholar]

	



Suh, M.-H. Red Data Book of Republic of Korea Volume 8, Insecta II.; National Institute of Biological Resources: Incheon, Republic of Korea, 2023; pp. 1–134. [Google Scholar]

	



Motschulsky, V. Insectes de la Sibérie rapportés d’un voyage fait en 1839 et 1840. Mémoires Présentés à L’académie Impériale Des Sci. De St.-Pétersbourg Par Divers. Savans Et Lus Dans Ses Assem. 1844, 5, 1–274. [Google Scholar]

	



Faldermann, F. Coleopterorum ab illustrissimo Bungio in China boreali, Mongolia et montibus Altaicis collectorum, nec non ab ill. Turczaninoffio et Stschukino e provincia Irkutzk missorum illustrationes (continued). Mémoires Présentés à L’académie Impériale Des. Sci. De. St. -Pétersbourg Par. Divers. Savans Et. Lus. Dans Ses. Assem. 1835, 2, 337–464. [Google Scholar]

	



Bates, H.W. On the geodephagous Coleoptera of Japan. Trans. Entomol. Soc. Lond. 1873, 2, 219–322. [Google Scholar] [CrossRef] [Scilit]

	



De Geer, C. Mémoires Pour Servir à L’histoire des Insectes. Tome Quatrième; P. Hesselberg: Stockholm, Sweden, 1774; pp. xii + 456, 19 pls. [Google Scholar]

	



Motschulsky, V. Catalogue des insectes rapportés des environs du fleuve Amour, depuis la Schilka jusqu’à Nikolaevsk, examinés et énumérés. Bull. De. La. Société Impériale Des. Nat. De. Moscou 1859, 32, 487–507. [Google Scholar]

	



Fischer von Waldheim, G. Entomographia Imperii Rossici. Volumen I; Semen: Moscow, Russia, 1820; p. 25 pls. [Google Scholar]

	



Chaudoir, M. Catalogue de la Collection de Cicindélètes de M. le Baron de Chaudoir; J. Nys: Bruxelles, Belgium, 1865; p. 64. [Google Scholar]

	



Hori, M. The biology and population dynamics of the tiger beetle, Cicindela japonica (Thunberg). Physiol. Ecol. Jpn. 1982, 19, 77–212. [Google Scholar]

	



Cornelisse, T.M.; Hafernik, J.E. Effects of soil characteristics and human disturbance on tiger beetle oviposition. Ecol. Entomol. 2009, 34, 495–503. [Google Scholar] [CrossRef] [Scilit]

	



Brust, M.L.; Knisley, C.B.; Spomer, S.M.; Miwa, K. Observations of oviposition behavior among north American tiger beetle (Coleoptera: Carabidae: Cicindelinae) species and notes on mass rearing. Coleopt. Bull. 2012, 66, 309–314. [Google Scholar] [CrossRef] [Scilit]

	



Poças, G.M.; Crosbie, A.E.; Mirth, C.K. When does diet matter? The roles of larval and adult nutrition in regulating adult size traits in Drosophila melanogaster. J. Insect Physiol. 2022, 139, 104051. [Google Scholar] [CrossRef] [Scilit]

	



Matsumura, K.; Yamamoto, Y.; Yoshimura, K.; Miyatake, T. Effect of temperature on sexual size dimorphism during the developmental period in the broad-horned flour beetle. J. Therm. Biol. 2024, 124, 103962. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Knisley, C.B.; Schultz, T.D. The Biology of Tiger Beetles and a Guide to the Species of the South Atlantic States; Virginia Museum of Natural History Special Publication: Martinsville, VA, USA, 1997; pp. 1–210. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2025. [Google Scholar]

	



Knisley, C.B.; Juliano, S.A. Survival, development, and size of larval tiger beetles: Effects of food and water. Ecology 1988, 69, 1983–1992. [Google Scholar] [CrossRef] [Scilit]

	



Watanabe, K.; Sumikawa, T. Larval prey options for the endangered species Dytiscus sharpi (Coleoptera: Dytiscidae: Dytiscinae) for sustainable ex-situ conservation. J. Insect Conserv. 2023, 27, 895–905. [Google Scholar] [CrossRef] [Scilit]

	



Pearson, D.L. Biology of Tiger Beetles. Annu. Rev. Entomol. 1988, 33, 123–147. [Google Scholar] [CrossRef]

	



Gwiazdowski, R.A.; Gillespie, S.; Weddle, R.; Elkinton, J.S. Laboratory rearing of common and endangered species of North American tiger beetles (Coleoptera: Carabidae: Cicindelinae). Ann. Entomol. Soc. Am. 2011, 104, 534–542. [Google Scholar] [CrossRef] [Scilit]

	



Horne, C.R.; Hirst, A.G.; Atkinson, D. Insect temperature–body size trends common to laboratory, latitudinal and seasonal gradients are not found across altitudes. Funct. Ecol. 2018, 32, 948–957. [Google Scholar] [CrossRef] [Scilit]

	



Kang, K.; Cai, Y.; Yue, L.; Zhang, W. Effects of different nutritional conditions on the growth and reproduction of Nilaparvata lugens (Stål). Front. Physiol. 2022, 12, 794721. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Animals 15 03032 g001] 





Figure 1. Diagram illustrating the main observations in this study of the life cycle of the tiger beetle, identifying developmental periods at different stages of development in propagation populations under laboratory conditions. 
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Figure 2. Comparison of body lengths of reared-type adults and wild-type adults from eight tiger beetle species to assess the artificial propagation under laboratory conditions. Each panel represents the species of the tiger beetle reared in this study. Panels from (a) to (d) represent the spring–autumn species (in order, C. transbaicalica, C. gemmata, C. lewsii, and C. chinensis), and panels from (e) to (h) represent the summer species (in order, C. elisae, C. chiloleuca, M. specularis, and C. laetescripta). The x-axis shows a comparison of the sexes (female: blue-colored, male: yellow-colored) of the reared-type adults and wild-type adults, and the y-axis shows the body length values of each adult. The analysis of body length differences by gender in each group used a two-sample t-test, and groups with insufficient data were excluded from the analysis. 
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Figure 3. Comparison of burrow entrance diameter from larvae of eight tiger beetle species. The burrow entrance diameter of the larvae was compared with the mean value of the burrow entrance diameter of the 1st-instar (a), the 2nd-instar (b), and the 3rd-instar (c) larvae of each tiger beetle species. The different letters above bars indicate statistical difference at the 95% confidence level based on Dunn’s post hoc test. 
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Figure 4. Comparison of the head and pronotum from larvae of eight tiger beetle species. The color and morphology of the head and pronotum from larvae remain almost unchanged as they develop from the 1st instar to the 3rd instar, increasing only in size. Thus, the head and pronotum from 3rd-instar larvae from each tiger beetle species are represented for comparison. The upper part of each panel displays the head and pronotum of a larva observed under a microscope, and the lower part of the panel features a diagram illustrating the head and pronotum to aid understanding. 
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Table 1. Developmental times and mortality rates for all stages of eight species of laboratory-reared tiger beetles.
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Species

	
Adult Emergence Season

	
Habitats

	
Measurements

	
1st-Instar Larvae

	
2nd-Instar Larvae

	
3rd-Instar Larvae

	
Pre-Pupa

	
Pupa






	
Cicindela transbaicalica

	
Spring–Fall

	
Riverine, brackish water zone, seashore

	
Developmental period (day) *

	
11.38 ± 3.24 (16)

	
11.06 ± 1.95 (16)

	
13.70 ± 3.30 (10)

	
10.30 ± 1.49 (10)

	
15.30 ± 2.26 (10)




	
Mortality (%) **

	
-

	
-

	
37.5

	
37.5

	
37.5




	
Cicindela gemmata

	
Spring–Fall

	
Riverine

	
Developmental period (day)

	
11.86 ± 2.60 (14) †

	
18.42 ± 3.18 (12)

	
37.83 ± 21.89 (6)

	
22.33 ± 9.67 (6)

	
19.00 ± 1.63 (4)




	
Mortality (%)

	
-

	
14.3

	
57.1

	
57.1

	
71.4




	
Cicindela lewisii

	
Spring–Fall

	
Seashore

	
Developmental period (day)

	
24.29 ± 6.55 (17)

	
23.88 ± 5.04 (17)

	
13.20 ± 1.93 (10)

	
14.30 ± 4.30 (10)

	
20.90 ± 1.37 (10)




	
Mortality (%)

	
-

	
-

	
41.2

	
41.2

	
41.2




	
Cicindela chinensis

	
Spring–Fall

	
Mountain path

	
Developmental period (day)

	
16.50 ± 2.44 (20)

	
31.25 ± 12.64 (20)

	
43.50 ± 17.02 (4)

	
15.00 ± 2.94 (4)

	
20.25 ± 1.50 (4)




	
Mortality (%)

	
-

	
-

	
80

	
80

	
80




	
Cicindela elisae

	
Summer

	
Salt marsh, seashore

	
Developmental period (day)

	
23.38 ± 6.39 (8)

	
22.75 ± 3.49 (8)

	
187.67 ± 12.86 (3)

[80.67 ± 12.86] ‡ (3)

	
11.00 ± 0.00 (3)

	
15.00 ± 1.00 (3)




	
Mortality (%)

	
-

	
-

	
62.5

	
62.5

	
62.5




	
Cephalota chiloleuca

	
Summer

	
Salt marsh

	
Developmental period (day)

	
45.18 ± 12.28 (11)

	
47.00 ± 14.01 (9)

	
209.50 ± 25.11 (6)

[95.50 ± 25.11] (6)

	
8.83 ± 0.98 (6)

	
18.60 ± 3.13 (5)




	
Mortality (%)

	
-

	
18.2

	
45.5

	
45.5

	
54.5




	
Myriochila specularis

	
Summer

	
Riverine,

brackish water zone, salt marsh

	
Developmental period (day)

	
20.00 ± 4.24 (2)

	
25.00 ± 2.83 (2)

	
196.50 ± 10.61 (2)

[82.50 ± 10.61] (2)

	
8.50 ± 2.12 (2)

	
18.50 ± 0.71 (2)




	
Mortality (%)

	
-

	
-

	
-

	
-

	
-




	
Chaetodera laetescripta

	
Summer

	
Riverine

	
Developmental period (day)

	
19.94 ± 2.80 (18)

	
24.89 ± 7.32 (18)

	
243.38 ± 33.76 (8)

[129.38 ± 33.76] (8)

	
11.43 ± 1.40 (7)

	
15.80 ± 2.05 (5)




	
Mortality (%)

	
-

	
-

	
55.5

	
61.1

	
72.2








*: Unit (average ± standard deviation). **: Mortality was recorded as cumulative mortality rates starting from the 1st-instar larvae. †: Parentheses indicate the number of individuals. ‡: In the case of square brackets, the developmental period excludes the overwintering period.



















	
	
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.











© 2025 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 (https://creativecommons.org/licenses/by/4.0/).



























media/file4.png
(a)

(b)

(¢)

14 18
) 17
= = [—— / \ =
E n : E v A £
) = i s 16 .
LU = = -
- = =
g 12 - Z . g
| & <] .
* & 15
Tastpsd T-I‘.-!M. Tiest p=024 14 Tiest p=02% Tieat p= 007
Reared Wild Reared Wiid Reared Wiid Reared Wikd Reared Wikd Reared Wiid
Adult types Adult types Adult types
(e) (N (g)
\ 7 /
12 ) - 13 15
L J
\ T/ e
- - ? =
1" 14
=) * 5 . )
= = =
= m - =
> — > . > —
E 10 g g 13 .
1
= - LA .
9 12
Thest po052 10 Taest pe e Tt pe0®
Reared Wikd Reared Wikd Reared Wikt Reared Wikd Reared Wikd Reared Wikd
Adult types Adult types Adult types

(d)

Body length (mm)

(h)

Body length (mm)

Reared Wikd Reared Wiid

Adult types

16
15
14
13
12
Tdeot p = 00034 Tdeat pe 027
Reared Wikd Reared Wikd

Adult types





nav.xhtml


  animals-15-03032


  
    		
      animals-15-03032
    


  




  





media/file2.png
The life cycle of tiger beetle

o) Ist larvae 2nd larvae 3rd larvae
=
.: =
= ©
LS
= £ s
2 )
8 @
< O
= O
2
<
)J ; £ N + |
s \
"‘.‘ ]
Larval burrow entrance size ~ Comparison of the developmental periods Adult development analysis
a o
~— é ' g T 3 & 2
: wn - + (5] 1 Pl 1
Tt S+ 3 Lt
= S =
5 2? g - = A Ly
= < =~ o 4 T
S5 = o | = o
S ] s ] —'— 2 +
o —_—
S ] —|— = _|_ —|— 1 _'_
2 < Sl 5> A -
m T T T Q L] T T v T T T 1 T
st 2nd 3rd I'st 2nd 3rd  prepupa Pupa Reared Wild Reared Wild
larvae larvae  larvae larvae larvae  larvae






media/file5.jpg
The diameter of larval burrow entrance (mm)

@)
30

(b)

25

20

15

10

0
35
30
25
20
15






media/file3.jpg





media/file9.png





media/file1.jpg
The life cyele of tiger beetle:

It 2t Sdlas

Laboratory rearing
& observation

}
®






media/file7.jpg
C. transbaicalica

C. gemmata

C. lewisii

chinensis






media/file8.png
C. transbaicalica

C. gemmata

C. lewisii

~

-

SO

£, B
"

C. chinensis

C. elisae

‘

. |

-
_d

C. chiloleuca

M. specularis

C. laetescripta






media/file6.png
The diameter of larval burrow entrance (mm)

(a) :

3.0 . b ab :
C
25| o= #..

s
3
i -

-
(&)

b
o

(b) "

30 c
25 * * d * et
20 -y

15

~_
(]

~
o

C. transbaicalica  C. gemmata C. lewisii C. chinensis C. elisae C. chiloleuca M. specularis  C. laetescripta





