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Introduction: The black soldier fly is considered the most promising insect species for mass production; however, information on the effects of handling, which is unavoidable during experimental trials and rearing practices, is still limited.

Materials and methods: To address this gap, three different manipulation intensities were tested on 100 6-day-old larvae per replica (6 replicates/treatments) fed on Gainesville diet: (1) hard-handled (HH), larvae underwent continuous manipulation until the end of larval stage, (2) soft-handled (SH), larvae were manipulated after the appearance of the first prepupa, (3) no-handled (NH), larvae remained untouched. Every 4 days from the beginning to the end of the larval stage, the manipulations lasted 30 min and occurred under laboratory conditions (20°C). During the sampling operations, at least 30 larvae were randomly extracted, washed, dried, and weight-mimicked. At the end of larval stage, all the boxes remained untouched until the adult fly stage, and the emergency rate and sex ratio were evaluated on dead flies. Data were statistically analyzed using IBM SPSS V20.0.0 software and the considered significance level was p < 0.05.

Results: The larval stage lasted 8.2 days for both HH and SH (p > 0.05). Despite the HH larvae being the most manipulated, no difference was also observed in final weight (HH, 160 mg; SH, 150 mg; p > 0.05) and survival rate (HH, 96.2%; SH, 94.5%; p > 0.05). The manipulation did not influence the bioconversion capacity of the larvae (bioconversion efficiency corrected for the residue: HH, 14.3%; SH, 12.91%; reduction rate: HH, 58.4%; SH, 55.9%; waste reduction index: HH, 7.28%/day; SH, 7.25%/day; p > 0.05). Finally, the development time from larva to fly (about 20.7; p > 0.05), the emergency rate (NH: 92.8%; SH: 89.5%; HH: 82.7%) and sex ratio (~1.2% to male flies) were not affected by the handling (p > 0.05).

Discussion: In conclusion, the handling procedures used in the current study did not influence the life history traits of the black soldier fly. However, further studies are needed to evaluate if different experimental protocols on various scales, the colony strain or other handling procedures may suggest a different scenario or confirm the results.
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Introduction

The words “handling – or – manipulation” represent an action that could be able to inflict stress on a biological system (1). In literature, there is little evidence about the effects of handling on the black soldier fly (BSF) development, bioconversion efficiency and survival rate. A search in the SCOPUS database containing the keywords (“black soldier fly” OR “Hermetia illucens”) AND (handl* OR manipulat*) in the title, abstract and keywords of the papers yielded a total of 69 studies. Among these studies, the main links between the words “handling – or – manipulation” and “black soldier fly”—or—“Hermetia illucens” are based on handling of waste, diets, manure or bacteria (2–4).

Handling stress has been cited as one of the factors that can negatively affect animal welfare (5). There are several studies that have evaluated the effect of handling on animals with temperament (6). In this regard, a recent literature review by Mota-Rojas et al. (7) highlighted that handling is often able to compromise the production and reproductive processes of farms, especially when it is continued or overdone (i.e., “hard handling”). For instance, in dairy cow farms, Arias and Špinka (8) found that cows showed lower milk production, low percent protein and fat, and a positive correlation with cortisol concentration in milk, as well as higher veterinary costs, when experiencing hard handling. In pigs, hard handling reduced testicular size and delayed coordinated mating response, as well as pregnancy rates in sows (9). Furthermore, in poultry, the handling procedures were cited as both responsible for injury and reduced meat quality during catching operations (10), as well as capable of increasing plasma corticosterone levels as an indicator of stress (11).

As suggested by Barrett et al. (5), for insects—being animals (12)—it is reasonable to assume that, in line with what happens with mammals, they may also be affected by reduced welfare with stressful events such as handling. Based on this assumption, in the “fight-or-flight” reaction due to stressors such as handling, while in vertebrates, the adrenal medulla produces a hormonal cascade that leads to the secretion of catecholamines, including norepinephrine and adrenaline (13), in insects as invertebrates, the functions of catecholamines are fulfilled by a major biogenic amine, octopamine, along with dopamine and serotonin (14). Manipulation influence was investigated in the past in insects, locusts (Locusta schistocerca americana gregaria), cockroaches (Periplaneta americana) and honeybees (Apis melrifera L.) (13, 15). These studies measured octopamine levels in species following different types of stress and showed that independent of the type of stress (mechanical, thermal or chemical) (13) and (physical) (15), there was an increased levels of the biogenic amine octopamine. Beyond biogenic amine production, there is little evidence of the effect of manipulation on growth performance in BSF larvae. However, several authors have speculated on the effect of handling BSF larvae in their studies. For example, Nguyen et al. (16, 17) divided the number of replicates between manipulated and non-manipulated larvae. Khaekratoke et al. (18) increased the number of replicates to reduce the effects of manipulation. Miranda et al., (19) established a minimum number of larvae sampled. Meneguz et al. (20) chose not to handle larvae until a defined percentage of prepupae was reached. Bosch et al. (21) also cited the manipulation process in their scientific review and suggested a negative effect of manipulation on survival, which could affect the bioconversion efficiency of the larvae (22). However, there is a dearth of studies looking at the effects of manipulation on the growth performance of BSF larvae.

Considering the lack of insect welfare regulation (23), as well as the increased growth that they are receiving worldwide (24), it is important to develop safe and standardized breeding practices that also take into account the required—and almost unavoidable—handling processes. For example, during the industrial rearing process, it may be necessary to manipulate the larvae to change the feeding substrate, monitor their development, and collect or “pre-process” the larvae (5). Similarly, the type of experiment—small- or large-scale—could also be affected by the manipulation process. Due to the space constraints and the larvae production needed, the small-scale trials currently represent the majority of the studies since they can be performed in laboratory conditions (2). In small-scale trials (e.g., 100 larvae), the percentage of larvae that are manipulated on the total biomass (individual collection, washing, drying and weighting procedures) is higher than in large-scale ones (e.g., 10,000 larvae), where growth parameters are obtained by estimation. Therefore, when assessing the “stress response” to the handling procedures, it is important to consider that it may change depending on the experimental plan, sampling method, frequency and type of handling (e.g., “hard handling” or “gentle or soft handling”) (25).

To the authors’ knowledge, the present study is the first one that aims to evaluate the effect of manipulation on BSF larval growth, bioconversion efficiency and adult emergence. For this reason, the results can contribute to improve research protocols and clarify arguments in the article discussions. As previously reported, since most of the trials are generally conducted in a small-scale, this kind of experimental set-up was considered.



Materials and methods


Colony status, maintenance and infrastructures

The BSF colony is situated at the Experimental Facility of the Department of Agricultural, Forest and Food Sciences (University of Turin) and it is housed into three climatic chambers (MONTI & C.—Tecnologie del Freddo S.r.l.; Potenza, Italy) designated for the reproduction (T°: 30° ± 0.5°C, relative humidity: 75 ± 5%, light:dark = 12:12), and the larval stage and the experimental trials (T°: 28 ± 0.5°C; relative humidity: 70 ± 5%, light:dark = 0:24). All the life stages are subjected to periodically hygiene and health checks by the national reference institution. The larvae are fed on Gainesville diet and the primary management operations to maintain the life cycle include eggs collection, neonatal care and larvae estimation at 6-day-old, following the procedures outlined by Deruytter et al. (26). Additionally, the sieving procedure is implemented at the end of the larval stage (16 day old).



Experimental diet

The Gainesville diet (27), composed by wheat bran, alfalfa and corn (30.1% dry matter, 14.9% crude protein, 2.1% ether extract; 6% ash on dry matter) served as substrate in a single-batch feeding system (1.8 g/larva, KERN, GAB-N, d, 0.1 g). The Gainesville diet was prepared using warm tap water and then 180 grams were placed inside each trial box with perforated lid (15 cm × 15 cm × 5 cm). Subsequently, the boxes were transferred to the climatic chamber to acclimatize the substrates, ensuring that the core temperature reached 23 ± 0.5°C. This pre-heated step aimed to prevent thermal shock resulting from a rapid temperature change, which could otherwise reduce the metabolism of the larvae during their inoculation.



Experimental set-up

The 6-day-old larvae underwent sieving with a 2 mm diameter mesh to eliminate frass, a term commonly used to describe the insect larvae feces or dejecta (28). A total of 1,800 larvae were manually extracted from the cleaned biomass and grouped into sets of 100 individuals. These groups were then weighted (0.2 ± 0.001 g—KERN, PLS, d:0.001 g) and inoculated into 18 trial boxes. The boxes were randomly assigned to one of the three manipulation treatments: hard handling (HH), soft handling (SH) and no handling (NH). Given that manipulation of the insects was at the basis of data recording, data collection methods varied among treatments. Specifically, larval survival, growth performance and bioconversion efficiency were determined for SH and HH treatments, while adult emergence and sex ratio for SH, HH and NH groups. In Figure 1, treatments and handling periods are illustrated, and their characteristics are as follows:

• HH treatment: the larvae were sampled every 4 days until the end of the larvae stage.

• SH treatment: the larvae were sampled at the end of the larval stage.

• NH treatment: larvae and prepupae were left unhandled throughout the trial.
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FIGURE 1
 Illustration of handling and time procedures for NH, SH and HH treatments during the trial. Legend: NH (no handling); SH (soft handling); HH (hard handling); DO (days old). NH (—); SH (− − –); HH (−----); 1 (initial sampling); 2 (second sampling); 3 (first prepupae search); 4 (5% prepupae search); 5 (final sampling—5% prepupae achieved); 6 (first fly emerged); 7 (dead flies).




Ongoing sampling procedure

The following sampling procedures were conducted during the larval stage every 4 days from the beginning of the trial, specifically for the HH treatment. Each replicate was gently homogenized though manual operation and the sample was then collected in two standardized points: the upper right corner and the opposite left corner of the box. Samples were deemed representative when at least 30 larvae were counted and, if the count was lower, a second sample was collected. Larvae were extracted from the substrate using tweezers, washed with warm tap water, dried with tissue paper, and then placed into an empty box. Subsequently, individual weighing was carried out as follows: larvae were taken from the box, individually placed in the tare-box on the balance (KERN, PLS, d:0.001 g) and returned to the respective replicate. The larvae were maintained under laboratory environmental condition (20°C and 40% of relative humidity) for 30 min to facilitate the sampling operations.



Larval stage-end identification and sampling procedures

The end of larval stage was considered when the 5% of the larvae reached the prepupal stage (~14 day old). To determine this percentage, daily inspections of the boxes from the HH and SH treatments were conducted. Once the first prepupae was identified, the sampling procedure was carried out. Specifically, both the larvae and the prepupae were extracted from the substrate using tweezers, counted, and then placed back into the box. Upon reaching the pre-determined percentage, the date was marked, and all the larvae of each replicate were extracted from the frass, counted, and used to calculate the survival rate (SR). Subsequently, larval biomass and frass were weighed (KERN, GAB-N, d:0.1 g) to calculate the growth rate (GR), the bioconversion efficiency corrected for the residue (BER), the reduction rate and waste reduction index on a fresh matter basis (21). At the end of final sampling procedures, larvae and prepupae were returned to the boxes to continue the development until the adult stage.



Adult stage sampling operations

Since the adult stage parameters were recorded without direct manipulation of individuals, data were collected for the HH, SH and NH treatments. For each replicate, the date of the first fly emergence was recorded to calculate the development time from larva to fly (LF—time), while the emergence rate (29, 30) and the sex ratio (males-to-females) were determined on the dead flies.



Statistical analysis

For all the recorded parameters, data were analyzed by using IBM SPSS Statistics software (V20.0.0.). Each rearing box served as a statistical unit. Data normality was evaluated with Shapiro–Wilk test, and the homogeneity of variances was evaluated using Levene’s test. All the normally-distributed data collected for the HH—SH treatments during the larval stage were subjected to independent samples t-test (BER, reduction rate and waste reduction index), while the non-parametric parameters were assessed using Mann Whitney’s U-test (development time, final average weight, total final biomass, SR, and GR). For adult parameters and for all treatments, the one-way ANOVA (post-hoc test: Tukey on LF—time and emergency rate) was applied in case of non-parametric data. In instances where data did not conform to a normal distribution, the non-parametric Kruskal-Wallis test was employed (sex ratio). Results were expressed as mean and standard deviation, and the level of significance considered was < 0.05.




Results

To minimize experimental bias, the initial the weight of the 6-day-old larvae was not statistically different across treatments (p > 0.05; 0.0019 g ± 0.00056).

The parameters analyzed for the HH and SH treatments during the larval stage are presented in Table 1. Larvae from the HH and SH treatments exhibited no statistically significant differences, taking 8.2 days to reach 5% prepupae with an average final weight of 160 and 150 mg, respectively (p > 0.05). Consequently, the daily growth rate was not affected by the treatment, along with the final biomass that reached 15.1 g in the HH and 14 g in the SH groups (p > 0.05). No differences were observed in the SR of the larvae, which was 94.5% in the HH and 96.2% in the SH treatment (p > 0.05).



TABLE 1 Parameters tested for HH and SH treatments during the larval stage.
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None of the bioconversion parameters tested for the HH and SH treatments showed statistically significant differences (p > 0.05). In the most manipulated larvae (HH group), the BER was 14.3%, while in the SH treatment it was 12.9% (p > 0.05). The reduction rate of substrate in HH treatment was 58.2% and, for the SH group, it was 55.9% (p > 0.05). The daily waste reduction index was also statistically equal between HH and SH groups, displaying a value of 7.3% (p > 0.05).

Table 2 shows the results of parameters recorded during the adult stage for the NH, SH and HH treatments. The LF—time showed no statistically significant differences among treatments (p > 0.05), with values of 20.7 days for NH and SH groups, and of 20.8 days for the HH treatment. Similarly, the emergence rate and sex ratio also did not show any statistically significant difference among NH, SH and HH treatments (92.8%—1.1; 89.5%—1.2; 82.7%—1.2, respectively; p > 0.05).



TABLE 2 Parameters tested for NH, SH and HH treatments during the adult stage.
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Discussion

To the best of the authors’ knowledge, this study represents the first attempt to evaluate the effects of three different larval manipulation procedures and their intensity on all the life stages of BSF. Currently, there is a gap in the literature regarding insect manipulation, compounded by the absence of standardized experimental protocols as suggested by Bosch et al. (21). This lack of standardization makes it challenging to compare results across different research studies. In order to assess the specific effect of manipulation procedures on the analyzed parameters, the Gainesville diet, typically used as a reference diet, was employed (21, 29–32), along with homogenous initial biomasses of 6-day-old larvae. The results of the study are discussed through comparison with scientific works designed with a similar experimental protocol and to minimize variability in findings.

The larval development time did not depend on the handling intensity (HH and SH). The 6-day-old BSF larvae subjected to both SH and HH treatments took an average of 8.2 days to reach 5% prepupae. Considering the entire development time, including the age of the larvae before the beginning of the trial, the larval stage lasted 14 days in the present study, showing a shorter duration when compared to the 17 days obtained by Miranda et al. (2), who used the Gainesville diet as substrate. The development time may be influenced by the methodology choices; specifically, Miranda et al. (2) employed a reduced feeding rate (0.7 g/larva) and manipulated the larvae every day for 9 consecutive days. Regarding feeding rates, the prolonged prepupation observed by Miranda et al. (2) could be attributed to the substantial quantity of substrate provided to the larvae (33). Nevertheless, the impact of permanent handling on the duration of the life stage may not be discounted. When the same manipulation procedures (every 4 days) are considered, the 14 days of development time align with results found in the literature (20), where brewery by-products were tested (20.1% of crude protein on dry matter). The BSF larvae require a well-balanced nutrients and appropriate protein supply to growth and become prepupae, which is around the 14–16% of crude protein on dry matter, and both the diet of the current study and of Meneguz et al. (20) contained a favorable protein percentage associated with a rapid growth (29, 34).

The handling intensity did not influence the final average larval weight (HH, 160 mg; SH, 150 mg), aligning with the average weights recorded in other studies conducted on the same diet (from 150 to 160 mg, on fresh matter basis) (2, 35, 36).

Nguyen et al. (16) assessed the effects of the manipulation on BSF larvae fed various organic waste, including pork liver with a protein content of 19 and 3% of ether extract on dry matter, which is a diet most comparable to the Gainesville diet. As concern the manipulation, the feed from the previous day was removed and replaced with fresh feed, and all the larvae were counted to record SR, while weight and length were measured at least on 30 larvae per replicate (16). In contrast, “unhandled” larvae were never counted, weighed or measured. Furthermore, the feed was consistently replenished without removal for the unhandled treatment (16). According to this experimental protocol, the authors observed a higher final larval weight in the unhandled larvae compared to the handled ones (about 160 mg and 90 mg, respectively) (16). However, the observed differences in average larval weight between the handled and unhandled larvae by Nguyen et al. (16) may be attributed to the chosen methodology rather than to the manipulation itself. In particular, by adding a new feed daily to both treatments and removing the residual feed only from the manipulated group, the unmanipulated larvae may have ingested a larger amount of substrate, consequently displaying a higher final weight.

Regarding larval biomass, this parameter is the product of high SR and adequate average larval weight. The SR could be considered a coarse proxy indicator of individual health and welfare status (5). On the other side, since there are not any certified welfare markers, it may be used as parameter to evaluate the suitability of the management condition. In literature, recent reviews (37, 38) that compared different studies conducted with BSF have reported SRs higher than 80%. If the Gainesville diet is considered, the results obtained in the current study are comparable to the SR of Arabzadeh et al. (32), who performed the sampling operations every two days.

As concern the GR, the results of the present study are higher when compared to the one from Pliantiangtam et al. (35) (0.018 and 0.015 g/d, respectively; on fresh matter basis), which used the Gainesville diet as rearing substrate. Although the feeding rate is not indicated, the lowest GR observed by Pliantiangtam et al. (35) may be related to the experimental strategies chosen during the trial setup. In fact, in the current study, the end of the larval stage was considered when 5% of prepupae appeared, while Pliantiangtam et al. (35) opted for 40%. It is known that in the last instar of growth, the larvae stop feeding and lose weight (39), and since the GR is calculated as a difference between the average final and initial larval weight, the presence of the largest amount of prepupae lowered the final values, thus having a direct effect on the considered parameter. Moreover, since the 40% of prepupae was selected as cut-off of the larval stage, the development time lasted 1 day more, thus further reducing the value (35).

At the end of the experiment, to calculate the real conversion efficiency of BSF larvae—that considers not only the diet consumed but also the exuviae and excreta produced—a BER formula was employed, as suggested by Bosch et al. (21). In the literature, there are several formulas used to express conversion efficiency as the feed conversion ratio (FCR) or the efficiency of conversion of digested or ingested food (ECD—ECI). However, such formulas could lead to an overestimation if the fraction of unconsumed feed (FCR, ECI) or only if the final biomass (ECD) is considered (21, 34). The BER shows similarities (HH, 14.3%; SH, 12.9%, fresh matter basis) with what was reported by Arabzadeh et al. (32) (14.3%, fresh matter basis). Therefore, it is possible to exclude the effect of handling and attribute the observed differences to the lower feeding rate adopted by Arabzadeh et al. (32).

Strictly related to the BER, the waste reduction index and reduction rate were calculated and, also in this case, no statistically significant differences related to the handling procedures were found. Starting with the reduction rate, the review by Surendra et al. (40) described several studies with a minimum RR of 25% for human feces and maximum RR of 72% (on dry matter %) with soybean curd residues used as growing substrates. The Gainesville diets employed as rearing substrate by Arabzadeh et al. (32) and in the current study showed a reduction rate (both on fresh matter basis) of 70.5 and 57.1% (as mean of HH and SH treatments), respectively. This huge diversity in terms of reduction rate could be due to the different feeding rates (33), the larger number of larvae reared (41), and from the 40% cut-off that allowed more time and opportunity for the remained 5th instar larvae to reduce the substrate.

High values of waste reduction index are indicative of a good reduction of the substrate due to larval efficiency (42). The larval ability to reduce substrate depends on different aspects, such as the nutritional composition of the diet, the feeding rate, the time spent by the larvae on the substrate and, obviously, the environmental conditions. Considering the diet used as rearing substrate, the results obtained by Pliantiangtam et al. (35) are the better values to compare with the current study, albeit the used methodologies were different. Despite Pliantiangtam et al. (35) having not sampled the larvae throughout the trial, the waste reduction index was the lowest (4.9 g/d, on fresh matter basis), and, for this reason, it is possible to rule out the manipulation as the main cause. Even if the sampling procedures are the same, the nutrient composition of the diet may influence the waste reduction index. This hypothesis could be confirmed when the results of the present study are compared to the ones of Meneguz et al. (20), which used the same manipulation of HH treatment. Specifically, the larvae fed on brewers spent grain showed a lower the waste reduction index (5.3 g/d, on fresh matter basis) than the HH group (7.3 g/d). This outcome may be probably linked to the high percentages of crude fiber of beer by-product, which has been reported to slow down the digestibility of the substrate by BSF larvae (43, 44).

Finally, noteworthy is the trend of numerically higher values of HH treatment than SH for final larval biomass weight, SR, BER and reduction rate parameters. However, one possible explanation may be related to the methodological choice made during the sampling operations. In fact, while SH treatment was manipulated only with the achievement of 5% prepupae (14-day-old larvae), the HH replicates were manipulated every 4 days until 5% prepupae were reached. Specifically, during the sampling operations before collecting the larvae, the additional homogenization procedures have reduced the firmness of the substrate by increasing the available surface area, likely promoting the growth of beneficial microbes and nutrient availability and, consequently, the larval growth and bioconversion capacity (42, 45).

The parameters recorded and calculated during the adult stage were evaluated also for the third treatment—the NH. No differences in term of LF—time, emergency rate and sex ratio were observed among the treatments. Considering that the NH treatment was never manipulated, it is possible to exclude that the handling procedures affected these parameters. In a previous study conducted by Bellezza Oddon et al. (29), which match almost completely to the present study in terms of substrate and rearing condition, the LF—time was 3 days higher than the recorded times (NH—SH, 20.7/d; HH, 20.8/d). The sampling operations used were the same as those performed in Bellezza Oddon et al. (29), so the effect of handling can be ruled out as a cause of the observed differences. However, the developmental and productive performance of BSF may be affected by several factors, including quality and quantity of feed or larval density (46). Given the similar and favorable macronutrient composition of the Gainesville diets, the quality of the substrate may also be excluded as the main cause. Moreover, the effect of larval density could also be excluded, as up to 5 larvae/cm2 would not significantly affect larval development time and weights (47). Similarly, the effect of photoperiod may also rule out as compared to the difference in LF—time observed with the study of Bellezza Oddon et al. (29). Specifically, the same photoperiod employed in the present work (0:24—light:dark) than (16:8—light:dark) by Bellezza Oddon et al. (29) required the longest times (expressed as accumulated degree hours—ADH) to complete egg-to-adult development when comparing with photoperiods of 8:16 and 12:12 light:dark (48). Differently, among the possible causes that could explain the observed LF—time difference, is the lower feeding rate employed during the larval stage in Bellezza Oddon et al. (29), which could possibly delay the BSF larvae development (46) and, consequently, the emergence of the flies.

Moving on with the emergency rate, treatments showed 92.8% of flies emerged for NH, 89.5 and 82.7% for SH and HH treatments, respectively. Despite the absence of statistical differences, it is worth noting that the numerical trend displayed a reduction in emergence of BSF flies as manipulations increased. Such a numerical difference could be related to the different temperature the replicates were exposed to during the sampling operations. The temperature may have a significant impact on the development of the black soldier fly. Already in 1998, Polak (49) predicted that the effect of abiotic stressors (e.g., temperature) could be able to modify the physiological state of organisms, leading them to changes in welfare and lethality. Along these lines, Holmes et al. (50) showed that at 19°C the overall percentage of successfully emerged adults was 31.9% only. Similarly, it is possible to assume that the shift from a climate chamber (T: 28 ± 0.5°C; RH: 70 ± 5%) to a laboratory condition, with standard environmental temperatures of 20°C (30 min) repeated over time, may be inappropriate for the development of a tropical, temperate-warm region fly (51).

The analysis of the relationship between the sex (males and females) was aimed at investigating a possible sensitivity of sex to manipulation procedures. According to Ernsting & Isaaks (52), the evolution of sexual dimorphism in the animal kingdom is governed by multiple types of selection operating simultaneously, leading, for example, to competition between members of the same or opposite sex for limited resources, preference for some members of the opposite sex, and selection on the basis of differing reproductive roles. No statistically significant difference between treatments were detected, with a prevalence of male flies in line with studies by Holmes et al. (53) and Bellezza Oddon et al. (30), thus refuting the initial hypothesis.



Conclusion

Handling of larvae during BSF larvae feeding experiments could affect the life history traits. Independently of application scale (small or large), most often there are mandatory essential procedures that require larval handling. Despite the large number of insects reared and given the expected global development of BSF breading facilities, there are few regulations related to insect rearing welfare. Overall, the present results suggest that larval handling does not have an influence on the growth and development of BSF larvae. However, further studies are needed to confirm the results herein obtained and clarify whether the numerically trends shown for both larval and adult stage performance parameters can be refuted or confirmed by varying genetics, application scale, or implemented manipulation procedures.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The manuscript presents research on animals that do not require ethical approval for their study.



Author contributions

ZL: Data curation, Formal analysis, Investigation, Resources, Writing – original draft. LG: Conceptualization, Investigation, Methodology, Writing – review & editing. IB: Conceptualization, Investigation, Methodology, Supervision, Writing – review & editing. AR: Investigation, Resources, Writing – review & editing. SB: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the AGRITECH National Research Center and received funding from the European Union Next-Generation EU (Piano Nazionale di Ripresa e Resilienza (PNRR)—Missione 4 Componente 2, Investimento 1.4—D.D. 10332 17/06/2022 CN00000022). This manuscript reflects only the Authors’ views and opinion, neither the European Union nor the European Commission can be considered responsible for them.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


BSF, black soldier fly; GA, Gainesville; HH, hard handling; SH, soft handling; NH, no handling; SR, survival rate; GR, growth rate; BER, bioconversion efficiency corrected for residue; LF—time, larva-fly time.


References

 1. Collier, RJ, Renquist, BJ, and Xiao, Y. A 100-year review: stress physiology including heat stress. J Dairy Sci. (2017) 100:10367–80. doi: 10.3168/jds.2017-13676 

 2. Miranda, CD, Cammack, JA, and Tomberlin, JK. Mass production of the black soldier fly, Hermetia illucens (L.),(Diptera: Stratiomyidae) reared on three manure types. Animals. (2020) 10:1243. doi: 10.3390/ani10071243 

 3. Wu, N, Wang, X, Mao, Z, Liang, J, Liu, X, and Xu, X. Bioconversion of chicken meat and bone meal by black soldier fly larvae: effects of straw addition on the quality and microbial profile of larval frass. J Environ Manage. (2022) 307:114579. doi: 10.1016/j.jenvman.2022.114579 

 4. Siddiqui, SA, Snoeck, ER, Tello, A, Alles, MC, Fernando, I, Saraswati, YR , et al. Manipulation of the black soldier fly larvae (Hermetia illucens; Diptera: Stratiomyidae) fatty acid profile through the substrate. J Insects Food Feed. (2022) 8:1–20. doi: 10.3920/JIFF2021.0162


 5. Barrett, M, Chia, SY, Fischer, B, and Tomberlin, JK. Welfare considerations for farming black soldier flies, Hermetia illucens (Diptera: Stratiomyidae): a model for the insects as food and feed industry. J Insects Food Feed. (2022) 9:1–30. doi: 10.3920/JIFF2022.0041


 6. Grandin, T
. Behavioral principles of livestock handling. Professional Animal Scientist. (1989) 5:1–11. doi: 10.15232/S1080-7446(15)32304-4


 7. Mota-Rojas, D, Maurice Broom, D, Orihuela, A, Velarde, A, Napolitano, F, and Alonso-Spilsbury, M. Effects of human-animal relationship on animal productivity and welfare. J Animal Behav Biometeorology. (2020) 8:196–205. doi: 10.31893/jabb.20026


 8. Arias, JP, and Špinka, M. Associations of stockpersons' personalities and attitudes with performance of dairy cattle herds. Czeh J Anim Sci. (2005) 50:226–34. doi: 10.17221/4162-CJAS


 9. Hemsworth, PH, Barnett, JL, and Hansen, C. The influence of handling by humans on the behaviour, reproduction and corticosteroids of male and female pigs. Appl Anim Behav Sci. (1986) 15:303–14. doi: 10.1016/0168-1591(86)90123-1


 10. Benincasa, NC, Sakamoto, KS, Silva, IJOD, and Lobos, CMV. Animal welfare: impacts of pre-slaughter operations on the current poultry industry. J Animal Behav Biometeorology. (2020) 8:104–10. doi: 10.31893/jabb.20014


 11. Wein, Y, Shira, EB, and Friedman, A. Avoiding handling-induced stress in poultry: use of uniform parameters to accurately determine physiological stress. Poult Sci. (2017) 96:65–73. doi: 10.3382/ps/pew245 

 12. European Commission
. Commission regulation (EU) no 1069/2009 of the European Parliament and of the council of 21 October 2009 laying down health rules as regards animal by-products and derived products not intended for human consumption and repealing regulation (EC) no 1774/2002 (animal by-products regulation). Official J. (2009) L300:1–33.


 13. Davenport, AP, and Evans, PD. Stress-induced changes in the octopamine levels of insect haemolymph. Insect Biochemistry. (1984) 14:135–43. doi: 10.1016/0020-1790(84)90021-0


 14. Evans, PD
. Biogenic amines in the insect nervous system In: Advances in insect physiology, vol. 15. US: Academic Press (1980). 317–473.


 15. Harris, JW, and Woodring, J. Effects of stress, age, season, and source colony on levels of octopamine, dopamine and serotonin in the honey bee (Apis mellifera L.) brain. J Insect Physiol. (1992) 38:29–35. doi: 10.1016/0022-1910(92)90019-A


 16. Nguyen, TT, Tomberlin, JK, and Vanlaerhoven, S. Influence of resources on Hermetia illucens (Diptera: Stratiomyidae) larval development. J Med Entomol. (2013) 50:898–906. doi: 10.1603/ME12260 

 17. Nguyen, TT, Tomberlin, JK, and Vanlaerhoven, S. Ability of black soldier fly (Diptera: Stratiomyidae) larvae to recycle food waste. Environ Entomol. (2015) 44:406–10. doi: 10.1093/ee/nvv002 

 18. Khaekratoke, K, Laksanawimol, P, and Thancharoen, A. Use of fermented spent coffee grounds as a substrate supplement for rearing black soldier fly larvae, Hermetia illucens (L),(Diptera: Stratiomyidae). PeerJ. (2022) 10:e14340. doi: 10.7717/peerj.14340 

 19. Miranda, CD, Cammack, JA, and Tomberlin, JK. Life-history traits of the black soldier fly, Hermetia illucens (L.)(Diptera: Stratiomyidae), reared on three manure types. Animals. (2019) 9:281. doi: 10.3390/ani9050281 

 20. Meneguz, M, Schiavone, A, Gai, F, Dama, A, Lussiana, C, Renna, M , et al. Effect of rearing substrate on growth performance, waste reduction efficiency and chemical composition of black soldier fly (Hermetia illucens) larvae. J Sci Food Agric. (2018) 98:5776–84. doi: 10.1002/jsfa.9127 

 21. Bosch, G, Oonincx, DGAB, Jordan, HR, Zhang, J, Van Loon, JJA, Van Huis, A , et al. Standardisation of quantitative resource conversion studies with black soldier fly larvae. J Insects Food Feed. (2020) 6:95–109. doi: 10.3920/JIFF2019.0004


 22. Tinder, AC, Puckett, RT, Turner, ND, Cammack, JA, and Tomberlin, JK. Bioconversion of sorghum and cowpea by black soldier fly (Hermetia illucens (L.)) larvae for alternative protein production. J Insects Food Feed. (2017) 3:121–30. doi: 10.3920/JIFF2016.0048


 23. European Commission
. Council directive 98/58/EC of 20 July 1998 concerning the protection of animals kept for farming purposes. Off J Eur Comm. (1998) 8:221–3.


 24. Guiné, RP, Correia, P, Coelho, C, and Costa, CA. The role of edible insects to mitigate challenges for sustainability. Open Agricul. (2021) 6:24–36. doi: 10.1515/opag-2020-0206


 25. Sloman, KA, Bouyoucos, IA, Brooks, EJ, and Sneddon, LU. Ethical considerations in fish research. J Fish Biol. (2019) 94:556–77. doi: 10.1111/jfb.13946


 26. Deruytter, D, Gasco, L, Yakti, W, Katz, H, Coudron, CL, Gligorescu, A , et al. Standardising black soldier fly larvae feeding experiments: an initial protocol and variability estimates. J Insects Food Feed. (2023) 1:1–12. doi: 10.1163/23524588-20230008


 27. Hogsette, JA
. New diets for production of house flies and stable flies (Diptera: Muscidae) in the laboratory. J Econ Entomol. (1992) 85:2291–4. doi: 10.1093/jee/85.6.2291 

 28. IPIFF contribution paper on the application of insect Frass as Fertilising product in agriculture. The international platform of insects for food and feed. (2019). Available at: https://ipiff.org/wp-content/uploads/2019/09/19-09-2019-IPIFF-contribution-on-insect-frass-application-as-fertilising-product-final-version.pdf (accessed June 15 2022).


 29. Bellezza Oddon, S, Biasato, I, and Gasco, L. Isoenergetic-practical and semi-purified diets for protein requirement determination in Hermetia illucens larvae: consequences on life history traits. J Animal Sci Biotechnol. (2022) 13:17. doi: 10.1186/s40104-021-00659-y


 30. Bellezza Oddon, S, Biasato, I, Resconi, A, and Gasco, L. Determination of lipid requirements in black soldier fly through semi-purified diets. Sci Rep. (2022) 12:10922. doi: 10.1038/s41598-022-14290-y


 31. Tomberlin, JK, Adler, PH, and Myers, HM. Development of the black soldier fly (Diptera: Stratiomyidae) in relation to temperature. Environ Entomol. (2009) 38:930–4. doi: 10.1603/022.038.0347 

 32. Arabzadeh, G, Delisle-Houde, M, Tweddell, RJ, Deschamps, M-H, Dorais, M, Lebeuf, Y , et al. Diet composition influences growth performance, bioconversion of black soldier Fly larvae: agronomic value and in vitro biofungicidal activity of derived Frass. Agronomy. (2022) 12:1765. doi: 10.3390/agronomy12081765


 33. Diener, S, Zurbrügg, C, and Tockner, K. Conversion of organic material by black soldier fly larvae: establishing optimal feeding rates. Waste management & research: the journal of the International Solid Wastes and Public Cleansing Association, ISWA. (2009) 27:603–10. doi: 10.1177/0734242X09103838 

 34. Oonincx, DG, Van Broekhoven, S, Van Huis, A, and van Loon, JJ. Feed conversion, survival and development, and composition of four insect species on diets composed of food by-products. PloS One. (2015) 10:e0144601. doi: 10.1371/journal.pone.0144601 

 35. Pliantiangtam, N, Chundang, P, and Kovitvadhi, A. Growth performance, waste reduction efficiency and nutritional composition of black soldier fly (Hermetia illucens) larvae and prepupae reared on coconut endosperm and soybean curd residue with or without supplementation. Insects. (2021) 12:682. doi: 10.3390/insects12080682 

 36. Scieuzo, C, Franco, A, Salvia, R, Triunfo, M, Addeo, NF, Vozzo, S , et al. Enhancement of fruit byproducts through bioconversion by Hermetia illucens (Diptera: Stratiomyidae). Insect Sci. (2023) 30:991–1010. doi: 10.1111/1744-7917.13155


 37. Rehman, KU, Hollah, C, Wiesotzki, K, Rehman, RU, Rehman, AU, Zhang, J , et al. Black soldier fly, Hermetia illucens as a potential innovative and environmentally friendly tool for organic waste management: A mini-review. Waste management & research: the journal of the International Solid Wastes and Public Cleansing Association, ISWA. (2023) 41:81–97. doi: 10.1177/0734242X221105441 

 38. Kim, CH, Ryu, JH, Lee, J, Ko, K, Lee, J, Park, KY , et al. Use of black soldier Fly larvae for food waste treatment and energy production in Asian countries: A review. Profilassi. (2021) 9:161. doi: 10.3390/pr9010161


 39. Georgescu, B, Struţi, D, Păpuc, T, Ladoşi, D, and Boaru, A. Body weight loss of black soldier fly Hermetia illucens (Diptera: Stratiomyidae) during development in non-feeding stages: implications for egg clutch parameters. European J Entomol. (2020) 117:216–25. doi: 10.14411/eje.2020.023


 40. Surendra, KC, Tomberlin, JK, van Huis, A, Cammack, JA, Heckmann, LHL, and Khanal, SK. Rethinking organic wastes bioconversion: evaluating the potential of the black soldier fly (Hermetia illucens (L.))(Diptera: Stratiomyidae)(BSF). Waste Manag. (2020) 117:58–80. doi: 10.1016/j.wasman.2020.07.050 

 41. Scala, A, Cammack, JA, Salvia, R, Scieuzo, C, Franco, A, Bufo, SA , et al. Rearing substrate impacts growth and macronutrient composition of Hermetia illucens (L.) (Diptera: Stratiomyidae) larvae produced at an industrial scale. Sci Rep. (2020) 10:19448. doi: 10.1038/s41598-020-76571-8 

 42. Amrul, NF, Kabir Ahmad, I, Ahmad Basri, NE, Suja, F, Abdul Jalil, NA, and Azman, NA. A review of organic waste treatment using black soldier fly (Hermetia illucens). Sustainability. (2022) 14:4565. doi: 10.3390/su14084565


 43. Broeckx, L, Frooninckx, L, Slegers, L, Berrens, S, Noyens, I, Goossens, S , et al. Growth of black soldier fly larvae reared on organic side-streams. Sustainability. (2021) 13:12953. doi: 10.3390/su132312953


 44. Galassi, G, Jucker, C, Parma, P, Lupi, D, Crovetto, GM, Savoldelli, S , et al. Impact of agro-industrial byproducts on bioconversion, chemical composition, in vitro digestibility, and microbiota of the black soldier fly (Diptera: Stratiomyidae) larvae. J Insect Sci. (2021) 21:8. doi: 10.1093/jisesa/ieaa148


 45. Dortmans, BMA, Diener, S, Verstappen, BM, and Zurbrügg, C. Black soldier fly biowaste processing-a step-by-step guide Eawag: Swiss Federal Institute of Aquatic Science and Technology. Switzerland: Dübendorf (2017). 100 p.


 46. Barragán-Fonseca, K, Pineda-Mejia, J, Dicke, M, and Van Loon, JJ. Performance of the black soldier fly (Diptera: Stratiomyidae) on vegetable residue-based diets formulated based on protein and carbohydrate contents. J Econ Entomol. (2018) 111:2676–83. doi: 10.1093/jee/toy270 

 47. Parra Paz, AS, Carrejo, NS, and Gómez Rodríguez, CH. Effects of larval density and feeding rates on the bioconversion of vegetable waste using black soldier fly larvae Hermetia illucens (L.),(Diptera: Stratiomyidae). Waste and biomass valorization. (2015) 6:1059–65. doi: 10.1007/s12649-015-9418-8


 48. Holmes, LA, VanLaerhoven, SL, and Tomberlin, JK. Photophase duration affects immature black soldier fly (Diptera: Stratiomyidae) development. Environ Entomol. (2017) 46:1439–47. doi: 10.1093/ee/nvx165


 49. Polak, M
. Effects of Ectoparasitism on host condition in the Drosophila-Macrocheles system. Ecology. (1998) 79:1807–17. doi: 10.2307/176799


 50. Holmes, LA, VanLaerhoven, SL, and Tomberlin, JK. Lower temperature threshold of black soldier fly (Diptera: Stratiomyidae) development. J Insects Food Feed. (2016) 2:255–62. doi: 10.3920/JIFF2016.0008


 51. Sheppard, DC, Tomberlin, JK, Joyce, JA, Kiser, BC, and Sumner, SM. Rearing methods for the black soldier fly (Diptera: Stratiomyidae). J Med Entomol. (2002) 39:695–8. doi: 10.1603/0022-2585-39.4.695


 52. Ernsting, G, and Isaaks, JA. Gamete production and sexual size dimorphism in an insect (Orchesella cincta) with indeterminate growth. Ecolog Entomol. (2002) 27:145–51. doi: 10.1046/j.1365-2311.2002.00395.x


 53. Holmes, LA, Vanlaerhoven, SL, and Tomberlin, JK. Substrate effects on pupation and adult emergence of Hermetia illucens (Diptera: Stratiomyidae). Environ Entomol. (2013) 42:370–4. doi: 10.1603/EN12255 


Copyright
 © 2024 Loiotine, Gasco, Biasato, Resconi and Bellezza Oddon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1330342-t002.jpg
Treatments

Parameters Unit NH SH HH
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Emergence rate % 928 895 827 | 14544 0412
Sexr: % L1212 0337 0854

LE—time, larva-fly time; ER, emergence rate;sex ratio, males-to-femaless NH, no handling;
SH, soft handling; HH, hard handling. (See all results for Tabl 1) Influence of three different
larval handling stages on BSE life history trats.
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Parameters SH | ST. P
DEV. value

Days until 5% prepupae reached | days | 82 | 82 | 0289 0699

Final average weight mg 160 150 0011 0684
Final larval biomass g 151 140 1525 0180
SR % | 962 945 6140 0818
Growth rate gd | 0019 0018 00015 0114
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‘Waste reduction index %d 73 73 | 0373 0282

SR, survival rate; GR, growth rate; BER, bioconversion efficiency corrected for residue; RR,
reduction rate; WRI, waste reduction index; HH, hard handling; SH, soft handling. Results
expressed on fresh matter basis





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Effect of larval handling on black
soldier flylife history traits and
bioconversion efficiency












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






