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ABSTRACT 

Moulting is a cornerstone of arthropods development. It can be determined by numerous factors 

such as body mass, temperature, and immunity. However, the effects of these factors can be 

dependent on each other, so that it is often difficult to predict whether and how they shape 

moulting, and whether their effects are additive or interactive. In this study, we addressed these 

questions by testing the effects of body mass, ambient temperature, fungal infection and their 

interaction on intermoult duration and survival in starved juveniles of the European earwig Forficula 

auricularia. We recorded the date of moult and death of a total of 207 earwig juveniles that were 

weighed, exposed to different doses of the entomopathogenic fungus Metarizium brunneum and 

then maintained at either 20°C or 24°C. Our results first reveal that juveniles moulted earlier when 

they were heavy compared to light on the day of exposure, as well as earlier when maintained at 

24°C compared to 20°C. By contrast, pathogen exposure did not affect the moulting date. We 

also found that nymphs died faster when they were light compared to heavy on the day of 

exposure, when they were exposed to high (106 and 107 spores/ml) compared to low (104, 105 

and 0 spores/ml) pathogen concentrations, and when they were maintained at 24°C compared to 

20°C. We detected no sign of interaction between temperature, fungal infection and body mass 

on both moulting and survival. Overall, these findings shed light on the limited importance of 

infection on moulting in starved juveniles, and reveal that weight, temperature, and infection have 

additive effects on their survival. More generally, this study emphasizes that the three tested 

factors do not necessarily interact to shape key physiological processes in an insect. 
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INTRODUCTION 

Moulting is often considered a cornerstone of the arthropod life cycle (Chapman and Reynolds, 

2013). This is because it is necessary for the development of juveniles as it allows them to develop 

a body size larger than what their previous cuticle would have allowed, and/or permits the growth 

(or removal) of specific features that become essential (or unnecessary) during the next stage of 

the life cycle (Chapman and Reynolds, 2013). However, moulting also comes with costs. The 

success of this process indeed demands a large amount of energy from the juveniles and the soft 

cuticle of newly moulted individuals often augments the risks of premature death due to predation 

or pathogen infection (Lucas et al., 2000; Moret et al., 2010). As a result, moulting or delaying 

moulting is a critical decision for the youngs in arthropods (Chapman and Reynolds, 2013). 

Whereas numerous factors are known to govern the moult of an individual, it remains 

difficult to predict the occurrence, strength and direction of their effects in a given species 

(Chapman and Reynolds, 2013; Hutchinson et al., 1997; Nijhout, 1981). For instance, relatively 

high juveniles weight and food intake are often but not necessarily associated with a rapid 

moulting, such as in Manduca sexta (Nijhout and Williams, 1974), Oncopeltus fasciatus (Blakley 

and Goodner, 1978), Drosophila melanogaster (Davidowitz et al., 2016) and other Lepidopteran 

species (Esperk and Tammaru, 2004). Similarly, pathogen infection can lead to a delayed moulting 

because it enforces juveniles to re-allocate resources into immune functions at the potential 

expense of other physiological functions involved in development (Chapman and Reynolds, 2013) 

or because it can help the hosts to prevent parasites from entering the body (Duneau and Ebert, 

2012). Infections may also shape hosts moulting by disturbing the physiological processes 

involved in its regulation. For instance, some fungal and viral infections change the level of 

chitinases activity, a class of hydrolases involved in moulting and metamorphosis, and thus modify 

intermoult durations in the infected hosts (Acuña-Payano et al., 2017; He et al., 2020). Finally, the 

ambient temperature is a key parameter of the environment that has critical effects on a broad 

diversity of physiological processes (Beever et al., 2017; Huey, 1976; Kearney et al., 2009; 

Régnière et al., 2012). Moulting is no exception and numerous studies demonstrate that living 

under warmer compared to colder temperatures typically speed up larval development and 

precipitates moulting in many species (Abarca et al., 2020; Lehtovaara et al., 2018; Stamp, 1990; 

Stamp and Osier, 1998). 

One reason why it remains difficult to understand what factors determine moulting and 

how they do it is that these factors can act on each other, and the outcome of these interactions 

is often unclear. This is the case of ambient temperature and infection. Temperature changes can 

indeed shift the metabolic rates of both hosts and pathogens, which in turn may alter hosts 

immunity and capability to control and tolerate an infection (Catalán et al., 2012; Murdock et al., 

2012; Thomas and Blanford, 2003; Wojda, 2017), as well as modify parasites pathogenicity and 

possibility to reach new hosts (Adamo and Lovett, 2011; Linder et al., 2008; Ment et al., 2011; 

Pamminger et al., 2016; Thomas and Blanford, 2003). Depending on the host-pathogen system, 

these reciprocal effects lead to cases where infected individuals survive better to infection when 

maintained under high compared to low ambient temperatures (Kryukov et al., 2018; Lysyk and 

Selinger, 2012), and other cases where infected individuals survive less well under high compared 

to low ambient temperatures (Li et al., 1995; Linder et al., 2008; Yilmaz et al., 2013). Whether and 

how the interaction between ambient temperatures and infection affects moulting remains poorly 

investigated. 

In this study, we tested whether and how body mass, ambient temperature, pathogen 

infection and the interaction between these parameters affect the second moulting and survival of 

starved juveniles in the European earwig Forficula auricularia L (Dermaptera: Forficulinae). In 

European populations of this species, eggs typically develop during 40 days in winter, from which 

larvae (called nymphs) reach adulthood after about two months (Meunier et al., 2012; Ratz et al., 

2016). A recent study revealed that this species has 5 moulting events: its first moult (called 



intermediate moult) takes place during egg hatching so that the nymphs that emerge from the 

eggs are already in their 2nd developmental instar (Tourneur et al., 2020). These newly hatched 

(i.e. 2nd instar) nymphs take from 9 to 15 days to moult into the following instar (i.e. 3rd instar) and 

the mean duration of this (and the other) stage varies between populations - partly due to local 

adaptations to temperature regimes (Meunier et al., 2012; Ratz et al., 2016; Tourneur and 

Meunier, 2020; Tourneur et al., 2020). Earwig eggs are sensitive to ambient temperatures, as a 

prolongation of winter duration during egg development postpone egg hatching date and then 

extend juveniles development until adulthood (Gingras and Tourneur, 2001; Körner et al., 2018). 

The direct effects of ambient temperatures and pathogen infection on moulting and survival are 

unknown in this species. 

Here, we conducted a 6x2 full-factorial experiment in which we weighted 2nd instar nymphs 

and exposed them to one of six suspensions containing (or not) spores of the entomopathogenic 

fungus Metarhizium brunneum. We then maintained these juveniles at either 20°C or 24°C and 

subsequently recorded the days of moult to 3rd instar and the day of death for the next 20 days - 

without providing food during this period. M. brunneum (formerly M. anisopliae) is a natural and 

lethal pathogen of F. auricularia (Arcila and Meunier, 2020; Günther and Herter, 1974; Kohlmeier 

et al., 2016; Körner et al., 2020; Vogelweith et al., 2017) for which the optimal temperatures of 

infections typically range between 20 and 30°C, with an optimum around 25°C (Arthurs and 

Thomas, 2001). 

 

MATERIAL AND METHODS 

Experimental setup 

Our experiment involved a total of 207 F. auricularia nymphs. These nymphs were produced by 

20 earwig mothers field sampled in 2018 in Pont-de-Ruan (France) and then maintained under 

standard laboratory conditions until nymph production (Meunier et al., 2012). In brief, field 

sampled females and males were transferred into large plastic containers to allow uncontrolled 

mating (Sandrin et al., 2015). These containers were maintained at 18 °C, under a 12:12 h 

Light:Dark cycle and received ad libitum homemade food mainly consisting of pollen, cat and bird 

food, wheat germ and agar (Kramer et al., 2015). Four months later, each female was isolated in 

a Petri dish (diameter 9 cm) lined with wet sand and maintained at 10°C under constant darkness 

to trigger nest construction and oviposition (Körner et al., 2018). At egg oviposition, each Petri 

dish was maintained at 15°C with a 10:14 h Light:Dark cycle. At egg hatching (egg development 

lasts about 50 days in this species; Ratz et al., 2016; Tourneur et al., 2020), each Petri was 

transferred to a novel climate chamber set up at 18°C with a 12:12 h Light:Dark cycle, where each 

family (i.e. a mother and its newly hatched groups of nymphs) received ad libitum homemade food. 

This food was renewed two days later (i.e. day 3 after egg hatching). 

On day 5 after egg hatching, we selected a random subset of 3 to 12 nymphs per family 

(mean ± SE = 10.4 ± 0.6), weighed each of them to the nearest 0.01 mg with a microbalance 

(OHAUS© Discovery DV215CD) and isolated them in new Petri dishes (diameter 3.5 cm). These 

Petri dishes were lined with humid sand (which ensures a high level of humidity and thus favours 

fungal development), contained ad libitum homemade food and were maintained under a 12:12 h 

Light:Dark cycle. One day later (i.e. day 6 after egg hatching), each nymph was exposed to either 

one of four pathogen suspensions or one of two control solutions using a protocol adapted from 

fungal exposures of adult earwigs (Arcila and Meunier, 2020; Kohlmeier et al., 2016). Each nymph 

was first gently deposited on a filter paper (Macherey-Nagel GmbH & Co. KG, Düren, Germany), 

then covered with 100 µL of either a conidiospore suspension of M. brunneum diluted in 0.05% 

Tween 20 at a concentration of 104 (n= 33), 105 (n= 35), 106 (n= 35) or 107 (n= 34) spores/ml, with 

100 µL of a control spore-free solution of either 0.05% Tween 20 (n = 35; Sigma P-1379) or control 

water solution (n = 35). After a few seconds, the nymphs were transferred to their original Petri 



dishes, the food was removed, and the nymphs then maintained at either 20°C or 24°C during the 

following 20 days. This allowed us to obtain a 6x2 full factorial design with 16 to 18 replicates per 

fungal concentration and temperature (Table 1). The Petri dishes were checked daily to record 

the day of death and, if applicable, the day of moult in the 3rd developmental instar. Note that 

nymphs received no food after exposure (i.e. after day 6) to induce an (extreme) nutritional stress, 

a phenomenon often experienced by predators such as earwigs under natural conditions (Bilde 

and Toft, 1998; White, 1978), and to allow us focusing on their intrinsic physiological response to 

pathogen exposure and temperature. 

 

 
Table 1 – Number of nymphs used in the statistical models testing nymphs’ survival 

and moulting day depending on temperature and fungal concentration treatments. 

 Survival rate Moulting day 

 20°C 24°C 20°C 24°C 

Water 18 17 10 6 

Tween 17 18 9 10 

104 spores/ml 17 16 11 9 

105 spores/ml 18 17 9 5 

106 spores/ml 17 18 7 6 

107 spores/ml 18 16 6 5 

Total 207 93 

 

 

Statistical analyses 

Nymphs’ survival and moulting day were analysed using Mixed effects Cox proportional hazard 

regression models (function coxme in R) allowing for censored data; that is, nymphs alive 20 days 

after exposure and still in their 2nd developmental instar 10 days after exposure, respectively. In 

these models, fungal concentration (Water, Tween, and 104, 105, 106 or 107 spores/ml), 

temperature (20°C or 24°C), nymph fresh weight at exposure (continuous) and all interactions 

among these factors were entered as explanatory factors. Because some nymphs originate from 

the same families, the ID of the family of origin of each nymph was entered into the models as a 

random effect. The model on nymphs survival involved the 207 tested nymphs, while the model 

on nymphs moulting day involved the 93 nymphs that either moulted in the 3rd instar within 10 

days post-exposure or remained alive and in their 2nd instar 10 days post-exposure (Table 1). We 

chose day 10 post-exposure because nymphs typically moult in the 3rd instar 12 days after egg 

hatching in this species (Meunier et al., 2012; Ratz et al., 2016), which corresponds to 6 days 

post-exposure in our experiment. Moreover, M. brunneum spores typically penetrate the host 

cuticle within 72h after exposure (Aw and Hue, 2017), suggesting that the tested nymphs were 

infected at the expected time of moulting, i.e. 6 days post-exposure. Pairwise comparisons 

between types of exposures were conducted using estimated marginal means (i.e. least-square 

means) and p-values corrected for multiple testing using Tukey method. Because the main goal 

of this study was to investigate potential interactions between temperature and infection, this 

interaction was never removed during the process of model simplification via AIC comparison. 

Nevertheless, removing this non-significant interaction does not qualitatively change the results 

(Table S1). All statistical analyses were conducted using R v.4.0.4 (http://www.r-project.org/) 



loaded with the packages Coxme (Therneau, 2020), emmeans (Lenth, 2021) and car (Fox and 

Weisberg, 2019). 

 

RESULTS 

The 207 tested nymphs died during the experiment. Overall, fungal concentration shaped the 

speed of nymph death (Figure 1A; Wald χ2
5

 = 56.23, P < 0.0001): nymphs died faster when they 

were exposed to high fungal doses (i.e. 106 and 107 spores/ml) compared to control and low fungal 

doses (i.e. 104 and 105 spores/ml; Table 2). Nymphs also died overall faster when maintained at 

24°C compared to 20°C (Figure 1B; Wald χ2
1

 = 100.06, P < 0.0001), and when they were light 

compared to heavy on the day of exposure (Figure 1C; Wald χ2
1

 = 14.05, P  = 0.0002). By contrast, 

the speed of nymphs death was independent of interaction between fungal concentration and 

temperature (Wald χ2
5 = 5.17, P  = 0.396) and any other interaction (all P > 0.33).  

 

 

 

 
Figure 1 – Effects of (A) fungal concentration, (B) temperature and (C) fresh weight on nymphs’ survival 

rate. Day 0 refers to the day of pathogen exposure. Different letters refer to P < 0.025. 

 

 
Table 2 – Pairwise comparisons between the effects of types of exposure of nymphs’ 

survival. P-values obtained using estimated marginal means and corrected for multiple 

testing using Tukey method. Significant p-values are in bold. 

 Water Tween 104 spores/ml 105 spores/ml 106 spores/ml 

Tween 0.9919 - - - - 

104 spores/ml 0.9960 0.8795 - - - 

105 spores/ml 0.9958 0.8700 1.0000 - - 

106 spores/ml <0.0001 <0.0001 <0.0001 <0.0001 - 

107 spores/ml 0.0001 <0.0001 0.0006 0.0009 0.9247 

 

Of the 207 tested nymphs, 114 nymphs died without reaching the 3rd developmental instar 

within the 10 days following exposure and were thus not used to analyse the moulting date. The 

93 other nymphs moulted earlier when maintained at 24°C compared to 20°C (Figure 2B; Wald 

χ2
1

 = 52.33, P < 0.0001) and when they were heavy compared to light on the day of exposure 

(Figure 2C; Wald χ2
1

 = 5.06, P  = 0.025). By contrast, this moulting speed was independent of 



fungal concentration (Figure 2A; Wald χ2
5

 = 7.86, P = 0.164) and any other interaction (all P > 

0.52). Because the high mortality rate strongly reduced the number of replicates available per 

combination (table 1), we confirmed the robustness of our findings by running the same statistical 

model using a new fungal concentration factor with 2 instead of 5 levels. In this new factor, we 

pooled values from treatments that did not differ in survival to obtain either high (106 and 107 

spores/ml, which leads to 25 replicates) or low (Water, Tween, 104 and 105 spores/ml, which leads 

to 68 replicates) fungal concentrations. The results were comparable to those of the first analysis: 

nymphs moulted earlier when maintained at 24°C compared to 20°C (Wald χ2
1

 = 47.43, P < 

0.0001), when they were heavy compared to light on the day of exposure (Wald χ2
1

 = 6.66, P  = 

0.010), and the moulting speed was independent of high/low fungal concentrations (Wald χ2
1 = 

0.44, P =  0.505) and any other interaction (all P > 0.127). 

 

 

 

 

Figure 2 – Effects of (A) fungal concentration, (B) temperature and (C) fresh weight on nymphs’ moulting 

day. Day 0 refers to the day of pathogen exposure. Different letters refer to P < 0.025. 

 

 

DISCUSSION 

In this study, we investigated whether and how body mass, ambient temperature and fungal 

infection affect the intermoult duration and survival rate of starved nymphs in the European earwig. 

Our results show that moulting occurred more rapidly when nymphs were maintained at 24°C 

compared to 20°C, and when nymphs exhibited a larger compared to smaller body mass. The 

level of infection did not affect moulting. The nymphs also died faster after exposure to high 

compared to low concentrations of fungal spores, when maintained at 24°C compared to 20°C 

and when exhibiting small compared to large body mass. Finally, we did not detect the effects of 

an interaction between ambient temperature, infection and/or body mass on the moult date and 

survival rate of the tested nymphs. 

Our results first reveal that temperature is an important parameter in the early development 

of earwigs because nymphs moulted sooner and survived overall less well at 24°C compared to 

20°C. Given that 20°C reflects the temperature naturally encountered by 2nd instar nymphs in the 

tested population, the reduced survival observed at 24°C reveals limited plasticity to an increased 

environmental temperature at this developmental stage, even if long-term adaptation remains 

possible (Tourneur and Meunier, 2020). Moreover, our findings confirm that earwigs are no 

exception in that when individuals cannot regulate their body temperature physiologically (which 

is the case in ectotherms), changes in ambient temperature can affect important physiological 



processes involved in the survival, development and/or reproduction of an individual (Beever et 

al., 2017; Huey, 1976; Kearney et al., 2009; Régnière et al., 2012). Interestingly, the nature of 

these effects along thermal gradients is not always easy to predict. In spiders, for instance, 

exposure to critically low or high ambient temperatures typically augments mortality (Li and 

Jackson, 1996) while increasing temperatures generally speed up juveniles development up to a 

certain level, after which it becomes delayed (Li and Jackson, 1996). Our results thus call for 

future works exploring the effects of a broader range of temperatures on survival and 

development, as well as on the subsequent reproduction of the resulting adults in earwigs. 

Our experiment then shows that exposure to M. brunneum spores reduced nymph’s 

survival but did not affect their moulting. These findings first confirm that M. brunneum is not only 

lethal to earwig adults but also to juveniles (Kohlmeier et al., 2016; Vogelweith et al., 2017) and 

emphasize that this lethality becomes apparent only when nymphs are exposed to suspensions 

containing more than 106 spores/ml. More surprisingly, we also found that the nymph’s infection 

did not modify moulting. This first suggests that M. brunneum does not disturb the biochemical 

processes involved in moulting regulation, contrary to other pathogenic fungi (Acuña-Payano et 

al., 2017; He et al., 2020). It also indicates that the potential re-allocation of resources toward 

immunity after pathogen infection does not shape the development of 2nd instar earwig juveniles 

and calls for future works investigating whether this reallocation indeed occurs and whether it has 

long-term effects, such as a shorter survival or delayed development in the subsequent instar 

(Chapman and Reynolds, 2013). On the other hand, the absence of a trade-off could be explained 

by the existence of maternal care in this species (Kölliker, 2007; Lamb, 1976): mothers might have 

taken over juveniles defence against pathogens and juveniles eventually lost the capability to 

invest (or adjust their investment) in immunity (Meunier, 2015; Rozen et al., 2008) – even in 

absence of a tending mother such as in the present experiment. However, maternal care is only 

facultative in the European earwig and a series of experimental works provided no support for a 

link between maternal care and nymphs resistance against fungal infection in this species (Körner 

et al., 2020; Vogelweith et al., 2017). 

Our data finally suggest that ambient temperature and pathogen infection do not interact 

to shape nymphs survival and moulting. The occurrence and nature of the link between ambient 

temperature and immunity are greatly variable among arthropods. For instance in Tenebrio 

molitor, larvae exhibit a stronger immune response to simulated infection (lipopolysaccharide 

injection) when maintained under an ambient temperature of 30°C compared to 10°C or 20 °C 

(Catalán et al., 2012). In the wax moth Galleria mellonella, larvae exhibit higher levels of 

antibacterial and antifungal activities in the hemolymph when maintained at 38°C compared to 

28°C (Wojda and Jakubowicz, 2007). These contrasting patterns are also present when focusing 

on survival to infection. In the stable fly Stomoxys calcitrans and the wax moth Galleria mellonella, 

for instance, larvae survive better to infections when maintained at 30°C and 34°C compared to 

15°C and 24°C, respectively (Kryukov et al., 2018; Lysyk and Selinger, 2012). Conversely in the 

fruit fly D. melanogaster, the oblique banded leafroller Christoneura rosaceana and the Pine 

processionary moth Thaumetopoea wilkinsoni, juvenile stages survive better to infections when 

maintained under cold compared to warm temperatures (Li et al., 1995; Linder et al., 2008; Yilmaz 

et al., 2013). Our results thus provide additional pieces of evidence that survival to infection is not 

necessarily enhanced or deteriorated by ambient temperature, as well as that the effect of 

temperature on developmental speed is not necessarily altered by an infection in every host-

pathogen system. 

Overall, our results demonstrate that ambient temperature is an important parameter in 

the development and survival of starved earwig juveniles, while this parameter does not shape 

how these juveniles react to infection with M. brunneum. They also stress the importance of body 

mass on moulting and survival in 2nd instar nymphs. Altogether, our study emphasizes that ambient 

temperature and pathogen infections do not necessarily interact to shape key insects’ 



physiological processes such as moulting, and thus stress the need to accumulate data across a 

broad diversity of species to better understand general patterns governing moulting in arthropods. 

Because our findings are based on isolated individuals that had no access to a food source and a 

tending mother, they also call for future works exploring whether family life, food access and 

maternal care (or even sibling cooperation; Falk et al., 2014) could mitigate or exacerbate the 

reported effects. For instance, a recent study in the burying beetle Nicrophorus vespilloides 

showed that parental care buffers against the detrimental effects of low ambient temperature on 

offspring survival (Grew et al., 2019). Whereas the benefits of maternal presence on nymphs 

development, immunity and survival are marginal in the European earwig (Kölliker, 2007; Thesing 

et al., 2015; Vogelweith et al., 2017), predation via sibling cannibalism is frequent during early 

nymph development (Dobler and Kölliker, 2010) and could thus shape their moulting strategy. 
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