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Abstract
Bees are critical for pollination services but are threatened by numerous biological and anthropogenic stressors. While the impacts of these stressors on adult bees have been extensively studied, their effects on bee larvae remain poorly understood. So far, the only known method to measure larval stage (i.e., head capsule measurement) is invasive and increases the risk of larval mortality. To address this limitation, we evaluated three less-invasive methods to determine larval instar in the buff-tailed bumble bee Bombus terrestris (Linnaeus, 1758) (i.e., measuring larval body mass, measuring larval body area, and extrapolating instars from larvae of a same batch). However, neither larval body mass nor larval body area appeared to cluster larvae into distinct instar stages. Additionally, larvae from the same batch did not consistently exhibit uniform instars, highlighting the risks of batch-based extrapolation. Although no fully reliable less-invasive methods were established, we encourage future research to include larval body mass or larval body area in their analyses.
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Introduction
[bookmark: _Hlk210298614][bookmark: _Hlk210213309]While they provide essential pollination role, bees (Hymenoptera: Anthophila) face numerous biological (e.g., pathogens) and anthropogenic pressures (e.g., agrochemical exposure) (Dicks et al. 2021; Garibaldi et al. 2022). Most studies addressing these drivers of decline focussed on adult bees, with limited attention paid to the impact on larvae (Gekière et al. 2025a). Indeed, larval stages have been central to understanding bumble bee social physiology, particularly caste determination (Cnaani et al. 1997), with less focus on their sensitivity to pathogens such as Deformed Wing Virus and to diet, which exert their strongest effects during larval development (Nicholls et al. 2021; Ullah et al. 2020). Yet, studying pre-adult stages is crucial to comprehend the dwindling of bee populations, as stressors affecting larvae can reduce survival, impair development and alter adult physiology and behavior, ultimately compromising colony growth and reproduction (Yordanova et al. 2022; Gekière et al. 2025a).
[bookmark: _Hlk210299577][bookmark: _Hlk210228009][bookmark: _Hlk210298639][bookmark: _Hlk210307572][bookmark: _Hlk210223760][bookmark: _Hlk210298653]In bumble bee colonies, larvae progress through four instars before cocoon formation. Larvae from the same egg batch (i.e., 6–16 eggs) begin to individualise before cocoon construction and each pupates in a separate cocoon before emerging as adults (Rozen et al. 2018). Larval feeding strategies differ among bumble bee species, with differences in provisioning methods influencing juvenile development. In pollen-storing species, including Bombus terrestris (Linnaeus, 1758) and B. impatiens (Cresson, 1863), workers progressively provision larvae through liquid food regurgitation. By contrast, in pocket-making species such as B. pascuorum (Scopoli, 1763), larvae obtain nutrition directly from pollen pellets deposited in adjacent wax pockets (Carnell et al. 2020). Prior in vitro studies that investigated the effects of chemical stressors on bumble bee larvae (i.e., B. terrestris and B. impatiens) grafted larvae individually into well plates, and provided them individually with controlled amounts of food (Gekière et al. 2025b; Kato et al. 2022; Siviter et al. 2020). However, none of these studies determined the instars of the larvae despite the existence of a widely accepted method of measuring head capsule width (Cnaani et al. 2000, 2002; Van den Toorn & Pereboom 1996). Instar determination typically relies on head capsule width measurement, as chitin-rich heads can only expand through moulting between instars (Nijhout 1981). This approach has already been applied successfully in B. terrestris (Van den Toorn & Pereboom 1996; Cnaani et al. 2000, 2002), making it the most widely accepted method for instar classification. Yet, the oversight of instars in bee studies may yield misleading results, given the emphasis on instar-specific responses to stressors in other holometabolous insects (Tran et al. 2020).
[bookmark: _Hlk210298708]However, a significant challenge arises when attempting to determine larval instar using head capsule width. Indeed, immobilising the larva for measurement increases the risk of mortality or developmental impairment due to manipulation-induced trauma (pers. obs.). Identifying less-invasive alternatives would greatly benefit future experiments on bee larvae without disrupting their growth. Given the novelty of the in vitro bumble bee larval rearing method, establishing such alternatives would also provide valuable methodological foundations for future research exploring the effects of other stressors beyond chemical exposure (e.g., heatwaves and pathogen transmission) on bumble bee larvae (e.g., Bretzlaff et al. 2023).
Here, we conducted an experiment on Bombus terrestris larvae to identify potential less-invasive alternative methods to determine larval instars. For that purpose, we retrieved larvae from their colonies and recorded morphological traits and brood origin (i.e., batch vs. isolated). We propose three alternative methods for determining larval instars without the need to manipulate the larvae for head measurements. Larval instars could be determined:
1. Based on the larval body area;
2. Based on the larval body mass;
3. Using measurement of head capsule width of a subsample of larvae from the same batch.
Materials & Methods
Larval sampling
[bookmark: _Hlk210229986][bookmark: _Hlk210218747][bookmark: _Hlk210295892][bookmark: _Hlk210225346]We obtained eight Bombus terrestris colonies from the supplier Biobest (Westerlo, Belgium) and housed them in a climate chamber maintained at 26 ± 1°C and 60 ± 10% relative humidity. These colonies were provided with pollen (Salix sp.; 'Ruchers de Lorraine', France) and Biogluc® ad libitum. To ensure consistency and restrict sampling to worker juveniles, larvae were collected from colonies in the early phase of development, during which broods consist of worker-destined individuals (Duchateau & Velthuis 1988; Cnaani et al. 2002). Adult bees were removed from the colonies to ensure safe access to the brood, and larvae were randomly selected and individually placed in 24-well plates. As B. terrestris larvae from the same oviposition develop together in a brood clump before isolating, we recorded for each larva (n = 533) its colony of origin and whether it originated from a brood clump (i.e., batch) or was developing individually (i.e., isolated), with each batch assigned a unique identifier. Subsequently, the plates were frozen at -20°C until subsequent analyses.
Data acquisition
[bookmark: _Hlk210219033]Thawed larvae were weighed to the nearest milligram employing an analytical balance (Mettler AJ100, Mettler-Toledo, Switzerland). Subsequently, larval body area (Figure 1a) and larval head capsule width (Figure 1b) were evaluated utilising a Keyence VHX-970F microscope. Larvae were categorised into instars based on their head capsule width, following Van den Toorn & Pereboom (1996) (Table S1).
Statistical analyses
To highlight the presence of four instars based on the distribution of head capsule widths, we employed the kmeans clustering method within the NbClust package (Charrad et al. 2014), and visualised the optimal number of clusters (i.e., gap statistic index) within the factoextra package (Kassambra & Mundt 2020). Subsequently, each larva was assigned to a cluster utilising the kmeans clustering method from the stats package (R Core Team 2020). We depicted the distribution of head capsule widths and compared the instar boundaries with those in Van den Toorn & Pereboom (1996).
Likewise, we applied the kmeans clustering method to larval body masses and larval body areas to identify potential clusters. Besides, a Quadratic Discriminant Analysis (QDA) within the MASS package (Venables & Ripley 2002) was performed to assess the separation of instars based on larval body masses and larval body areas. The effectiveness of the QDA was assessed using a leave-one-out cross-validation procedure, within the stats package (R Core Team 2020). In addition, differences in larval body masses and larval body areas among instars, categorised according to head capsule widths (Van den Toorn & Pereboom 1996), were investigated using the ARTool (Kay et al. 2021) and emmeans packages (Lenth 2022). We also depicted the non-linear regression between larval body mass and larval body area using a non-linear least squares model from the stats (R Core Team 2020) and drc packages (Ritz et al. 2015). The pseudo-R² of this regression was retrieved using the statforbiology package (Onofri 2024).
To assess whether larvae from the same batch exhibited similar instar stages, we constructed a plot indicating the number of larvae per batch, highlighting head capsule width-based instars within this visualisation.
All statistical analyses and illustrations were done using R version 4.3.2 (R Core Team 2024), ggplot2 (Wickham et al. 2020) and ggpubr (Kassambara 2020).
Results and Discussion
[bookmark: _Hlk210219659][bookmark: _Hlk210306662]As established by Van den Toorn & Pereboom (1996), our study emphasises the presence of four larval instars based on head capsule widths (Figure S1). Among the 553 larvae analysed, the gap statistic clustering method accurately assigned the instar of 529 larvae (>99%) when compared to the head capsule width ranges delineated in Van den Toorn & Pereboom (1996). The ranges determined by our clustering method are consistent with previous studies (Cnaani et al. 2002) and either overlapped or closely resembled those reported by Van den Toorn & Pereboom (1996) (Figure 2a; Table S1). However, it should be noted that this method is not compatible for in vitro experiments with live larvae, as it increases the risk of mortality (pers. obs.). It is also worth noting that previous studies on bumble bee larval development have primarily focussed on two managed species, namely Bombus impatiens (Cnaani et al. 2002) and B. terrestris (Pereboom et al. 2003; Van den Toorn & Pereboom 1996). Whether differences in larval development exist across the more than 250 bumble bee species remains an open and largely unexplored question. We also note that all larvae were stored at –20 °C prior to measurement. However, since our analyses focused on morphological traits that are not altered by freezing (i.e., body mass, body area and head capsule width), this preservation step is unlikely to have influenced our results.
[bookmark: _Hlk210215881]To circumvent the need for invasive handling techniques, we sought to investigate whether larval body mass or larval body area could serve as alternative indicators for delineating instars. While both larval body mass (F3,528 = 392.62, p < 0.001; Figure 3a) and larval body area (F3,528 = 638.57, p < 0.001; Figure 3b) exhibited significant differences among instars, neither the variations in larval body masses (Figure 2b) nor those in larval body areas (Figure 2c) were distinctive enough to delineate clusters. This graphical observation was consistent with the gap statistic method, which identified a single group based on larval body mass (Figure S2) or larval body area (Figure S3). In addition, cross-validation of the quadratic discriminant analysis (QDA) showed a classification accuracy of 76%, indicating that larval body masses and larval body areas failed to effectively distinguish the instars in 24% of the cases. Cross-validation showed that the QDA classified correctly 83% of L1, 62% of L2, 93% of L3 and 75% of L4 larvae. Despite previous indications that larvae moult within specific mass ranges (Cnaani et al. 2002), individual variability in moulting mass precludes larval body mass from serving as a reliable proxy for determining larval instars (Van den Toorn & Pereboom 1996). Similarly, the overlap in larval body areas among instars impedes the establishment of instar-specific body area ranges. Although we could not identify less-invasive method using larval body mass and larval body area to determine larval instar in bumble bees, we observed a strong correlation between these morphological traits (pseudo-R² = 0.87; Figure 4). This relationship may be useful in future studies, as it remains a promising covariate in in vitro experiments due to its ease for standardisation and reduced invasiveness (Gekière et al. 2025b). 
[bookmark: _Hlk210230076][bookmark: _Hlk210295375]To ascertain whether the instar of one larva could be inferred from another larva originating from the same batch, we conducted a comparison of larval instars within common batches. Among the 30 batches of larvae investigated, approximately 43% (i.e., 13 batches) exhibited a single instar, while an additional 43% (i.e., 13 batches) harboured two instars. Three batches (~10%) contained three instars, and one batch (~3%) contained all four instars (Figure 2d). Consequently, in nearly 60% of the batches, larvae were observed to be at differing stages of development. Although in most cases the most predominant instar represented three-quarter of the batch, these results suggest that this method is likely to yield erroneous conclusions. Despite to the belief that Bombus terrestris larvae from the same batch develop synchronously (Rasmont et al. 2021), our findings suggest otherwise. In addition, contrary to the implications of Cnaani et al. (2000), we demonstrate that individual larvae should not be considered thoroughly representative of their cellmates. Asynchronous development may be attributed to varying amounts of food received within a common batch. Indeed, although B. terrestris workers feed larvae individually within a batch, 'food flooding' suggests that not all larvae receive equal quantities (Van den Toorn & Pereboom 1996). Consequently, some larvae may reach their moulting weight threshold before others (Cnaani et al. 2002). To address this variability, we propose that future investigations examine larval development as a function of time elapsed since oviposition to provide a clearer link between larval age and developmental instar. Additionally, B. terrestris caste determination is influenced by pheromonal control, whereas in other species nutritional factors may play a stronger role, leading to more continuous variation in size (Carnell et al. 2020; Cnaani et al. 2020). Thus, while B. terrestris may not fully represent developmental strategies across the more than 250 bumble bee species, it remains the most widely used model species and therefore a valuable reference for establishing baseline developmental data (Gekière et al. 2025b; Kato et al. 2022; Siviter et al. 2020). Overall, while the present study focused on worker larvae, future work should also investigate queen and male larvae, given that caste-specific developmental processes have been reported (Cnaani et al. 2002).
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Figure 1. Measure of (A) larval body area and (B) larval head capsule width using a Keyence VHX-970F microscope.
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[image: ]Figure 2. Distribution and clustering of the head capsule width of 553 Bombus terrestris larvae (A). Distribution of body masses with instars highlighted, showing no well-defined clusters (B). Distribution of body areas with instars highlighted, showing no well-defined clusters (C). Larval instars found in a same batch. In virtually 60% of the cases, batches contained more than a single instar (D). Colour legend for instars are in panel C. 


Figure 3. Larval body mass (A) and larval body area (B) by instar. Instars were determined based on head capsule width. Different letters indicate significant differences (ART models). Crosses represent the means.
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Figure 4. Relationship between larval body mass (in mg) and area (in mm²) in larvae of Bombus terrestris fitted with a non-linear least squares model (pseudo-R² = 0.87). This non-linear relationship reflects dimensional scaling (mass being three-dimensional and area two-dimensional), rather than a shape effect.
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