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Lay summary 

The ingestion of cadmium by earwig mothers and juveniles does not affect the expression of 
post-hatching maternal care. It did not affect the early development of offspring but 
increased the expression of self-grooming by mothers. Overall, these findings show that 
heavy metal contaminations do not necessarily shape parent-offspring interactions. They 
also raise fundamental questions about the underlying mechanisms that mediate the 
tolerance, resistance and/or detoxification of cadmium in this insect.  

 

Abstract 

Anthropogenic pollution is steadily increasing and has a major impact on biodiversity. 
Chemical pollutants in particular affect many reproductive, physiological and survival traits 
in a wide range of organisms. However, the effects on behavioural traits have been less 
studied, although they could have wide-ranging negative effects from the individual to the 
community level. Here, we attempted to fill this knowledge gap by investigating the effect of 
a common heavy metal pollutant, cadmium, on post-hatching maternal care and juvenile 
development in the European earwig Forficula auricularia. We fed 108 earwig families with 
five different cadmium concentrations (0, 12.5, 25, 50 and 100 mg.L-1), and measured ten 
parameters related to offspring care, non-care maternal behaviours, investment in maternal 
care and two parameters of offspring development (offspring weight gain and survival). 
Somewhat surprisingly, we found no effect of cadmium ingestion on any of the parameters 
measured, except for maternal self-grooming behaviour. In particular, the ingestion of 
cadmium by group members did not result in an overall decrease in the expression of care 
by the contaminated mothers or in an overall higher level of care received by the 
contaminated offspring. By contrast, mothers fed the highest dose of cadmium showed an 
increase in self-grooming, probably due to the stress of toxic ingestion. Overall, our study 
raises questions about whether and how parent-offspring interactions can alter the negative 
effects of contaminated environments in social species. 
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Introduction 

The recent development of agriculture and industry has led to an exponential increase in 
environmental pollution, whether acoustic (Alquezar et al. 2020; Bowen et al. 2020), light 
(Caorsi et al. 2019; Elgert et al. 2021), or chemical (Ringot et al. 2018; Goretti et al. 2020). 
The major impact of such anthropogenic pollution on altering ecosystem functioning, 
biodiversity and natural populations dynamics (Dirzo et al. 2014) has long been studied 
through its effects on the survival, reproduction and physiology in a wide variety of animals 
(e.g. Gomot 1998; Jacquin et al. 2020; Su et al. 2021). By comparison, the diversity and 
importance of the effects of anthropogenic pollution on animal behaviour remain poorly 
investigated (Bertram et al. 2022). This is surprising, as an inability to produce or maintain a 
behaviour can lead to a long-term cascade of negative effects at both the individual and 
community levels (Saaristo et al. 2018; Candolin and Wong 2019). For instance, exposure to 
anthropic pollution in the form of non-lethal doses of pesticides affects learning, mating 
success and the escape from predators in many taxa from fish to humans (review in Zala and 
Penn 2004), which in turn can alter survival, reproductive rates and population maintenance 
(Dew et al. 2014; Luo et al. 2020). This limited attention to behaviours is also surprising 
because behaviours can be useful biomarkers for measuring the effects of pollution over 
short periods of time. For example, the presence of low doses of an aquatic pollutant 
(benzoprene) in the water could be detected by measuring the level of anxiety-like 
behaviour in zebrafish just 30 minutes after exposure  (Hamilton et al. 2021).  

 Among the behaviours that can affect the fitness of an individual, the effects of 
anthropogenic pollution on social behaviours, such as parental care, may be particularly 
important to look at (see Aulsebrook et al. 2020). These taxonomically widespread 
behaviours (Trumbo 2013; Meunier et al. 2022; Mock 2022; Vági et al. 2022) can indeed 
spread the effects of anthropic pollution (or the pollutants themselves) on one individual to 
all group members. For instance, in honeybees, social behaviour mediates the transmission 
of contaminated food and chemical pollutants among colony members (Monchanin et al. 
2021) and to the larvae in development (Leita et al. 1996). Moreover, parental care is often 
sensitive to even subtle environmental perturbations, which in turn can amplify their effects 
on the fitness of juveniles. For example, exposure to continuous or intermittent light 
pollution alters the level of parental care in the smallmouth bass Micropterus dolomieu 
(Foster et al. 2016), and rat mothers fed with pesticide-contaminated food (lindane) 
exhibited a lack of retrieval behaviour and consequential litter loss (Matsuura et al. 2005). 
Nevertheless, anthropic pollution does not always reduce the expression of parental care, as 
mothers exposed to a glyphosate-based herbicide show a higher expression of licking 
behaviours toward pups in rats (Dechartres et al. 2019). 

 The effects of chemical pollution on parental care are less clear when considering 
exposure to non-pesticidal compounds, including trace metals such as zinc, lead, mercury 
and cadmium. Cadmium, in particular, is one of the most toxic and mobile chemical 
elements in the environment (Kubier et al. 2019). Almost all living organisms are expected to 
ingest this compound during their lifetime, because it tends to bioaccumulate throughout 
the food chain (Butt et al. 2018; Dutta et al. 2019; Zhang and Reynolds 2019) and because its 
concentration in groundwater and soil continuously increases due to human activities (such 
as fossil fuel exploitation, road traffic and agriculture - review in Kubier et al. 2019; Zhang 
and Reynolds 2019). A growing number of studies show that cadmium ingestion can affect 
the physiology, development and reproduction of several species (e.g. Cervera et al. 2004; 



Malakar et al. 2009; Li et al. 2018; Luo et al. 2020; Honorio et al. 2021). However, its effects 
on behaviour, and especially parental care, are still poorly understood and are sometimes 
contradictory. On one hand, studies show that cadmium ingestion can have detrimental 
effects on the expression of certain behaviours such as aggression in rats (Arito et al. 1981), 
locomotion in the common fruit fly Drosophila melanogaster (Nanda and Firdaus 2022) and 
mating behavior in the Asian corn borer Ostrinia furnacalis and the beet armyworm 
Spodoptera exigua (Luo et al. 2020; Su et al. 2021). On the other hand, a recent study did not 
detect an effect of cadmium ingestion on the expression of maternal care toward eggs and 
egg hatching rate in the European earwig (Honorio et al. 2023). However, it remains unclear 
whether cadmium ingestion by earwig mothers and their juveniles after egg hatching can 
alter social interactions during family life and may thus have a strong impact on the fate of 
juveniles at the end of this period. 

In this study, we followed up on Honorio et al. (2023) and investigated whether 
cadmium ingestion by mothers and newly-hatched juveniles alters the expression of post-
hatching maternal care, as well as the development and survival of offspring during the 
period of care in the European earwig. There were two main reasons why we expected a 
different effect of cadmium on the expression of pre- and post-hatch care in this species. 
First, the physiological state of earwig mothers typically varies between pre- and post-
hatching phases (Rankin et al. 1995), and previous studies revealed that it may result in a 
stage-specific sensitivity to chemical pollution. For instance, F. auricularia mothers exposed 
to a pesticide (deltamethrin) just after oviposition showed a reduced expression of egg care 
(Meunier et al. 2020), whereas earwig mothers exposed to the same pesticide after egg 
hatching did not modify their expression of juvenile care (Mauduit et al. 2021). Second, post-
hatching maternal care, unlike pre-hatching care, is driven by both mothers and juveniles 
(Kölliker et al. 2015; Wu et al. 2020), and because earwig juveniles partly feed for 
themselves during parent-offspring interactions (Wong and Kölliker 2012), the level of post-
hatching maternal care should at least partly reflect juveniles’ exposure to cadmium. Hence, 
we predicted that mothers would increase their expression of care towards contaminated 
juveniles compared to non-contaminated juveniles if maternal care helps to protect 
juveniles from harsh conditions. In contrast, we predicted that mothers would reduce their 
expression of post-hatching care if cadmium ingestion altered female physiology.  

We fed 108 earwig families (consisting of a mother and 10 nymphs) with food 
supplemented with cadmium at one of five different concentrations. To ensure that 
mothers' ingested enough cadmium, we fed them both before egg laying and after egg 
hatching, in the same concentrations throughout the experiment. We measured the 
expression of three forms of post-hatching maternal care (antennation, grooming and 
defence) and one proxy of maternal investment in juvenile care (maternal weight change) 
during the 14 days of parent-offspring interactions. To determine whether these putative 
effects on maternal care translate into effects of cadmium on other life-history traits in 
mothers and juveniles (called nymphs), we also measured four female behaviours that are 
not related to maternal care (self-grooming, exploration, inactivity, distance walked), two 
proxies of mothers’ foraging and digestive activities (food consumption, feces production), 
the survival rate of mothers, as well as the survival and relative weight gain of nymphs 
during the period of parent-offspring interactions.  

 

 



Material and methods 

Biological model, rearing conditions and social environment 

This study involved 108 F. auricularia females (species “A”; Wirth et al. 1998; González-
Miguéns et al. 2020) field sampled in July 2021 in peach orchards near Valence, France (Lat 
44.9772790, Long 4.9286990). From field sampling to egg hatching, we used the standard 
rearing conditions detailed in Honorio et al. (2023). In brief, we maintained field-sampled 
females and males in large containers (32 x 20 x 16.5 cm) until the end of October 2021. At 
that time, we isolated females in individual Petri dishes (5.5 cm diameter, 1.3 cm height) 
furnished with moistened sand and maintained at 13°C under constant darkness to trigger 
egg production. From field sampling to oviposition, each mother received 50mg of 
homemade food. This food had the same composition as in Kramer et al. 2015 (i.e. mainly 
pollen, cat food, carrots, and agar), but without the food preservatives sorbic acid  and 
ascorbic acid  (not useful in this study as we changed the food twice a week). About 50 days 
before oviposition (mean ± SD = 48.3 ± 20.9 days; min = 20 days), we started to mix the food 
with one of five concentrations of cadmium (see details below) and changed it twice a week 
until egg production. On that day, we stopped providing earwig mothers with food (and 
cadmium) as they stop their foraging activity during the period of egg care (which typically 
lasts for about 50 days; Kölliker 2007). The same concentration of cadmium was constantly 
administered throughout the experiment for each family, i.e. to the mother before egg 
laying and to the mother and nymphs after hatching. 

One day after egg hatching, we weighed each mother and 10 arbitrarily chosen 
nymphs of their respective brood, and then used these individuals to set up 108 
experimental families with a trimmed clutch size of 10 nymphs (mean original clutch size ± 
SD= 44.7 ± 14.8 nymphs). We chose to standardise the clutches to 10 nymphs in order to 
quantify potential differences in the amount of care provided and to exclude the very few 
clutches of less than 10 nymphs, as these are often produced by females of inherently poor 
quality (Meunier et al. 2012). We conducted all weighing to the nearest 0.01 mg using a 
microbalance (OHAUS© Discovery DV215CD). We transferred each experimental family into 
a large Petri dish (9 cm diameter, 2 cm height), furnished with moistened sand and 
maintained at 20-18°C under a 12:12h Light:Dark cycle. We provided each family with a 
standard amount of homemade food (see above) mixed with one of five concentrations of 
cadmium (see details below).  

 

Cadmium exposure 

To manipulate cadmium exposure, we applied 10 μL of a cadmium solution directly to the 
50mg of food provided to each family. We chose cadmium exposure through ingestion 
because it is considered the main source of cadmium exposure in nature (e.g. Zhang and 
Reynolds 2019). We applied one of five concentrations of cadmium (0, 12.5, 25, 50 or 100 
mg.L-1; respectively resulting in 0, 2.5, 5, 10 and 20 mg.kg-1 of food), which were obtained by 
using pure MilliQ water or by diluting cadmium chloride powder (Sigma-Aldrich #202908, 
CAS number: 10108-64-2, purity: 99.99%) in MilliQ water, respectively. We chose these 
concentrations to cover both the concentrations found in the food chain and soil (e.g. 
FitzGerald and Roth 2015; Butt et al. 2018; Zhang and Reynolds 2019) as well as those 
known to induce behavioural changes after ingestion in other insect species (Dési et al. 
1998; Su et al. 2021). For instance, in the soil (where earwigs hide in winter), cadmium 



concentrations range from 0.1 to 34 mg/kg in Europe (with most values between 1 and 10 
mg/kg; FitzGerald & Roth, 2015) and from 0.12 to 1.48 mg/kg in Asia (reviewed in Zhang & 
Reynolds, 2019). We renewed the cadmium-exposed food every three days for each family 
until day 14, which is the end of earwig parent-offspring interactions (Kölliker 2007; Kramer 
et al. 2017). Each family was fed ad libitum with the same concentration of cadmium as the 
mothers were fed about 50 days preceding oviposition. At each change of food, we checked 
whether at least part of it had been consumed by the individuals. This was always the case. 
We have previously shown by quantifying cadmium in male earwigs that the ingestion of 
cadmium under the described conditions did allow the exposure and storage of cadmium 
within individuals (Honorio et al. 2023). Overall, we fed 21, 21, 22, 22 and 22 experimental 
families with 0, 12.5, 25, 50 or 100mg.L-1 of cadmium, respectively.  

 

Measurements of mothers’ behaviors, foraging activities and survival 

During the 14 days of parent-offspring interactions, we tested the effects of cadmium on (1) 
three forms of post-hatching maternal care (nymph antennation, nymph grooming and 
nymph defense) and (2) one proxy of maternal investment in nymph care (weight change 
during the 14 days of parent-offspring interactions). We also measured (3) four maternal 
behaviors that are not related to nymph care (self-grooming, exploration, inactivity, distance 
walked), (4) two proxies of mothers’ foraging activities (food consumption and feces 
production), and (5) the survival rate of mothers. In the following section, we will present 
these measurements in the chronology in which they have been taken.  

We first measured the level of maternal food consumption on day six after egg 
hatching (Mauduit et al. 2021). This measurement started by removing the food in each Petri 
dish five days after egg hatching. On day six, we deposited each mother in a Petri dish (3.5 
cm diameter, 1.2 cm height) containing one pollen pellet that was previously weighed. Two 
hours later, we weighed the rest of the pollen pellet and returned each mother to her 
original Petri dish with nymphs. We defined the amount of pollen consumed by each mother 
as the difference in the weight of the pollen pellet between the two measurements. To deal 
with uncontrolled variation in the fresh weight of pollen pellets due to air humidity, we 
added a control treatment (hereafter called “Ct”; n = 22) in which we weighed pollen pellets 
under the same conditions but without mothers. This allowed us to confirm that all the 
mothers had consumed the pollen pellets, as the overall weight loss of the pollen pellets was 
lower in the absence than in the presence of a mother for each treatment (Effect of 
treatment on pellet weight loss; Linear model, F5,118 = 2.96, P = 0.015; Post-hoc tests - Ct vs 
Cd 0: t = 3.73, df = 118, P = 0.003; Ct vs Cd 12.5: t = 3.21, df = 118, P = 0.020; Ct vs Cd 25: t = 
3.48, df = 118, P = 0.020; Ct vs Cd 50: t = 3.51, df = 118, P = 0.008; Ct vs Cd 100: t = 2.96, df = 
118, P = 0.041).  

 We then measured the level of maternal brood defence on day seven after egg 
hatching. Maternal brood defence reflects the mother’s willingness to protect her nymphs 
from a simulated predator attack (Thesing et al. 2015). To conduct this measurement, we 
gently opened each Petri dish, standardly poked each female on the pronotum with soft 
forceps (one poke per second) and then recorded the number of pokes required until the 
female moved more than one body length away from her initial position.  

 We recorded the distance walked by mothers in a new environment on day eight 
after hatching. We isolated each mother in a plastic circle apparatus (8cm diameter, 5mm 



height) fixed between two glass sheets and then filmed her behavior for 15 min (Camera: 
BASLER BCA 1300, Germany; Media Recorder v4.0, Noldus Information Systems, 
Netherland). We then analyzed the resulting videos using the software Ethovision XT 16 
(Noldus Information Systems, Netherland), in which we extracted the total distance walked 
by each mother during the 15 min recording.  

We measured mothers’ behavior and interactions between mothers and nymphs on 
day eight, just after we recorded the distance walked by mothers. While the mothers were 
held in the circle apparatus for the video recording described above, their 10 nymphs were 
gently placed in another apparatus consisting of three arenas (4cm diameter, 3.5mm height) 
connected by small corridors (4.5mm) in a triangular shape. At the end of the first video, the 
mother was transferred to this arena, which was then video recorded for the following 25 
min. In these 25-min videos, we measured the total duration of mothers’ self-grooming, 
exploration, and inactivity. These behaviors were, respectively, defined as the total amount 
of time each mother spent on cleaning herself with her mouthparts (a behavior often used 
to remove dirt or external parasites and to apply protective chemical substances on the 
cuticle; (Weiß et al. 2014), on being mobile while neither interacting with their nymphs nor 
expressing self-grooming, and as the total amount of time a mother did not move or interact 
with herself or her nymphs. In these videos, we also measured the total duration of mother-
nymph interactions, defined as the sum of the total duration of allo-grooming (i.e., when the 
mother touches/scratches the body of a nymph with her mouthparts) and the total duration 
of stomodeal trophallaxis (i.e. mouth-to-mouth contacts between the mother and a nymph). 
We analyzed these movies using the software Boris v7.13.3 (Friard and Gamba 2016). In one 
movie (Cd concentration: 50mg.L-1), mother-nymph interactions could not be analyzed due 
to a technical problem. 

 We quantified the level of feces production on day 10 after hatching, as a proxy of 
earwigs’ digestive activity (Arcila and Meunier 2020; Van Meyel et al. 2021a, b). To do that, 
we isolated each mother on a humid filter paper in a Petri dish (9 cm diameter, 2 cm height) 
for 24h. After that time, we counted the number of feces pellets present on the ground.  

 Finally, we measured the relative weight change of each mother during the period of 
parent-offspring interactions on day fourteen after hatching. We defined this change as the 
difference in fresh weights between day 14 and day 1 after egg hatching divided by the fresh 
weight measured on day 1 after hatching. We also followed the survival of mothers by 
checking their survival daily.  

 

Measurements of nymph development and survival 

We also measured offspring development and survival rate during the period of parent-
offspring interactions. We measured offspring development by their average weight change, 
which we calculated as the difference in mean fresh weight of nymphs between day 14 and 
day 1 divided by the mean fresh weight on day 1. We measured the survival rate of nymphs 
during parent-offspring interactions by counting how many of the 10 nymphs were still alive 
on day 14. 

 

Statistical analyses 



We conducted all statistical analyses using the software R v4.1.2 (www.r-project.org/). We 
analyzed nymph defense, self-grooming, inactivity, exploration, distance walked, pellet 
consumption, feces production, relative weight change of mothers and nymphs using a 
series of nine linear models (lm function of the package car; (Fox and Weisberg 2018), in 
which each variable was entered as a response variable. Because a large number of mothers 
did not express allo-grooming behavior, we tested whether cadmium concentration affected 
whether mothers showed allo-grooming or not (binomial response variable: 1 or 0, 
respectively) using a generalized linear model (glm function of the package car; (Fox and 
Weisberg 2018) fitted with a binomial distribution corrected for overdispersion. We 
analyzed the rate of nymph survival using another GLM fitted with a binomial distribution 
corrected for overdispersion. Finally, we analyzed the duration of nymph antennation using 
a GLM with a Poisson distribution corrected for overdispersion. In each of the statistical 
models, we entered the cadmium concentration as a categorical explanatory factor (five 
levels). We first added the maternal weight change and its interaction with cadmium 
concentration in each model, and then removed both as they never reached significance 
(their inclusion does not qualitatively change our results). We checked all model residuals for 
homoscedasticity, normal distribution and overdispersion (check_model and 
check_overdispersion functions of the performance package; (Lüdecke et al. 2020) and 
transformed the response variable where required. Correspondingly, we log-transformed 
the nymph defense, the distance walked, the food consumption, the feces production, the 
relative weight gain of nymphs, the durations of inactivity and exploration. When necessary, 
we conducted pairwise comparisons using estimated marginal means of the models and 
with p values corrected for multiple testing using Tukey methods (emmeans package). 

The analyzed dataset included 102 of the 108 mothers initially set up in the 
experiment (n = 21, 19, 19, 22 and 21 families at 0, 12.5, 25, 50 and 100mg.L-1, respectively). 
We had to exclude six mothers because three of them (2.8%) produced less than ten nymphs 
(one mother at 0mg.L-1 and two mothers at 25mg.L-1) and the three others (2.8%) died 
during the experiment (one mother per treatment at 12.5, 50 and 100mg.L-1).  

 

Results 

Post-hatching maternal care and investment in care 

Cadmium ingestion by mothers and nymphs did neither affect the expression of allo-
grooming by mothers (fig 1A; LR χ2 

(4) = 8.88, P = 0.064), nor the duration of mother-offspring 
antennations (fig 1B; LR χ2 

(4) = 0.37, P = 0.985) or the relative weight change of mothers 
during the period of parent-offspring interactions (F4,97 = 0.50, P = 0.734). It only marginally 
affected the level of maternal defence against a simulated predator attack (fig 1C, F4,97 = 
12.86, P = 0.037), as the number of pokes necessary to deter a mother was slightly higher for 
100mg.L-1 compared to 0mg.L-1 (t = -2.74, df = 97, P = 0.054), while all other comparisons 
were not significant. 

 

Noncare behaviours of mothers  

The ingestion of cadmium by mothers affected the duration of self-grooming expressed by a 
female (fig 2A, F4,96 = 3.29, P = 0.014): mothers who ingested cadmium at 100mg.L-1 spent 
more time self-grooming compared to a dose of 0mg.L-1 (post-hoc test: t = -3,38, df = 96, P = 



0.009), while the other values were intermediate (all other comparisons were non-
significant). By contrast, cadmium ingestion did neither affect the duration of females’ 
inactivity (fig 2B, F4,96 = 0.52, P = 0.717), nor the duration of females' exploration (fig 2C, F4,96 

= 0.31, P = 0.868) or the distance walked by mothers (fig 2D, F4,97 = 1.13, P = 0.347). 
Moreover, it did not affect the two measured proxies of foraging activity, i.e. the amount of 
food consumed (fig 2E, F4,97 = 0.15, P = 0.961) and the number of feces pellets produced (fig 
2F, F4,97 = 0.32, P = 0.860).  

 

Nymph’s development and survival 

Cadmium ingestion by mothers and nymphs did not affect the survival rate of nymphs from 
hatching to the end of parent-offspring interactions (fig 3A, LR χ2 

(4) = 5.51, P = 0.239). It also 
had no effect on the relative weight gain of the nymphs during this period (fig 3B, F4,97 = 
0.23, P = 0.921). 

 

Discussion 

Cadmium is a highly toxic and diffusible element in the environment that is known to affect 
the survival, reproduction and physiology of many species (e.g. Cervera et al. 2004; Malakar 
et al. 2009; Li et al. 2018; Luo et al. 2020; Honorio et al. 2021). However, our study reveals 
that cadmium ingestion by earwig mothers and juveniles has only limited effects on the 
expression of maternal care, non-care behaviours and other life-history traits measured 
during the 14 days of parent-offspring interactions. Cadmium ingestion affected the level of 
females’ selfgrooming, which was higher only in mothers fed with the highest dose of 
cadmium compared to those fed no cadmium. By contrast, the consumption of food 
contaminated with up to 100mg.L-1 cadmium did not alter the expression of post-hatching 
maternal care in terms of allo-grooming, antennal contact with nymphs and, to some extent, 
predator defence, as well as maternal investment in care (maternal weight change during 
parent-offspring interactions). It also did not affect maternal exploration, inactivity, distance 
walked, food consumption, feces production and survival, or nymph survival and relative 
weight gain during parent-offspring interactions.  

 Our data first show that the consumption of food contaminated with the highest 
dose of cadmium increased the time spent on self-grooming compared to cadmium-free 
food. In insects (including earwigs), self-grooming is often considered an adaptive and critical 
behaviour, which helps individuals to remove particles from their body surface (e.g. external 
pathogens and parasites, dirt; Boos et al. 2014) and apply self-secreted substances involved 
in desiccation resistance and/or chemical communication between conspecifics (Blomquist 
and Bagnères 2010; Wong et al. 2014). However, these functions are unlikely to explain our 
results as the earwig females ingested the cadmium and therefore had no apparent need to 
remove it from their cuticle. In vertebrates, self-grooming has the same function as reported 
in insects, but it may also be a non-adaptive behaviour resulting from anxiety and distress 
(Estanislau et al. 2019). In rodents, for example, the expression of repetitive and stereotyped 
expressions of self-grooming can be induced by exposure to different types of stress (e.g. 
predators or novel environments), regardless of the cleanliness of the environment and skin 
(Estanislau et al. 2013; Estanislau et al. 2019). Similarly, this over-expression is constitutive 
of several rodent models of neuropsychiatric disorders (Kalueff et al. 2016; H. Liu et al. 



2021). To the best of our knowledge, this stress response has not been reported in insects 
(but see Root-Bernstein 2010; Zhukovskaya et al. 2013)  but is a likely explanation for our 
results. This is also consistent with a previous study showing an increase in self-grooming in 
response to topical pesticide exposure, although we cannot exclude that in this study self-
grooming was involved in removing pesticide particles from the cuticle (Meunier et al. 2020). 
If this hypothesis is true, then our results would also suggest that higher levels of stress do 
not alter the expression of post-hatch maternal care in earwigs, which could improve our 
understanding of the evolutionary drivers of the maternal care in this species. Future studies 
are nevertheless needed to confirm that self-grooming may be a non-adaptive response to 
stress in this species. 

 Apart from self-grooming, our data shows that cadmium consumption did not affect 
any other trait measured in mothers and juveniles during the 14 days following egg hatching. 
This is surprising because cadmium intake typically has negative effects on a wide range of 
traits, from survival to reproduction and development, in taxa from insects to mammals 
(Arito et al. 1981; Cervera et al. 2004; Malakar et al. 2009; Li et al. 2018; Jacquier et al. 2020 
Sep 30; Luo et al. 2020; Honorio et al. 2021; Nanda and Firdaus 2022). Even more surprising, 
developing nymphs did not suffer increased mortality following cadmium ingestion. In many 
insects, early developmental stages are generally more sensitive to harmful chemicals than 
adults (e.g. with deltamethrin; Bouvier et al. 2002; Germano and Picollo 2018; Malbert-Colas 
et al. 2020). It could be expected that the development or survival of nymphs exposed 
directly to cadmium by ingestion would be affected. Moreover, these studies show that 
cadmium concentrations much lower than those used in our experiment can be sufficient to 
change behaviour. For instance, ingestion of 0.2mg.kg-1 of cadmium affects reproductive 
behavior in the beet armyworm Spodoptera exigua (Su et al. 2021) and ingestion of 7mg.kg-1 

of cadmium impairs exploratory behavior in rats (Dési et al. 1998). Importantly, a previous 
study showed that individuals fed with cadmium (equivalent to 20mg.kg-1) for three weeks 
accumulated this compound in their bodies (Honorio et al. 2023). Taken together, these 
results thus suggest that the earwig we tested did ingest cadmium, but that it had a limited 
effect on parent-offspring interactions and the outcome of group living. They also suggest 
that earwig mothers and nymphs have developed mechanisms of cadmium tolerance, 
resistance and/or detoxification that now deserve to be studied. In honeybees, for instance, 
cadmium exposure alters the microbiome and some bacterial strains can bioaccumulate this 
pollutant, making bees more resilient to cadmium (Rothman et al. 2019). Investigating the 
microbiome composition (Van Meyel, Devers, Dupont, et al. 2021) and its putative role in 
earwig cadmium resistance would be of great value.  

 Although our experimental design does not allow us to disentangle the effects of 
cadmium ingestion by mothers and nymphs on maternal care, it is unlikely that the apparent 
lack of effect reflects the sum of an increased need for care by contaminated nymphs and a 
reduced expression of care by contaminated mothers (i.e. that these two effects cancel each 
other). This is mainly because F. auricularia mothers typically reduce their expression of care 
towards juveniles that are in a poor physiological condition, e.g. due to starvation (Mas et al. 
2009; Mas and Kölliker 2011). If the ingestion of cadmium by nymphs reduces their overall 
condition and thus increases their need for maternal care, then earwig mothers are likely to 
reduce rather than increase their expression of care. This, combined with the (expected) 
negative effects of maternal physiological deterioration on the expression of care, should 
lead to an overall reduction in maternal care. However, this is not what we have observed. 



The results of this study, together with those of Honorio et al. (2023), show no effect 
of cadmium consumption (even at high doses) on the expression of maternal care and 
maternal investment in care both before and after hatching, on maternal expression of most 
non-care behaviours (except self-grooming), on mother survival, and on offspring survival 
and development in the European earwig. This surprising resistance to such a common and 
toxic pollutant raises important questions about the physiological mechanisms underlying 
the apparent lack of effect in earwigs (Karouna-Renier and Zehr 2003; Chen et al. 2016; 
Rothman et al. 2019; K. Liu et al. 2021), and its implications for their population dynamics 
and ecosystem functioning in contaminated environments. It also raises questions about the 
long-term effects of cadmium ingestion on reproduction and the behaviour of newly 
emerging adults, which should be investigated in future work. 

 

Acknowledgments 

We thank Séverine Devers, Pauline Depierrefixe and Célia Heroguez for their help in animal 
rearing, and Jos Kramer for his comments on a previous version of this manuscript. We 
thank Per Smiseth, Michael Bertram and an anonymous reviewer for their helpful comments 
in a previous version of the manuscript. We also thank Valérie Galloy, Armand Guillermin, 
and Stéphanie Drusch for their help with field sampling, and the INRAE unité expérimentale 
Recherche Intégrée Gotheron for giving us access to their orchards for earwig field sampling.  

 

Funding information 

This study has been financed by the Région Centre-Val de Loire (Project DisruptCare; n°2021 
00149474). 

 

Author contributions 

RH designed the study, reared earwigs, performed the experiment and statistical analyses, 
and wrote the manuscript. SM analysed videos, and contributed to the experiment and 
earwig rearing. CL designed the study, wrote the manuscript, and supervised the project. JM 
collected earwigs, designed the study, contributed to statistical analyses, wrote the 
manuscript, and supervised the project. All authors have read and approved the final version 
of the manuscript. 

 

Data availability 

Analyses reported in this article can be reproduced using the data and script provided by 
Romain Honorio (2023) (https://zenodo.org/record/7662295). 

 

Compliance with ethical standards 

Conflict of interest 

The authors declare they have no conflict of interest. 

 



Ethical note 

No animal ethics approval was required. All individuals were handled with care.  

 

 

References 

Alquezar RD, Macedo RH, Sierro J, Gil D. 2020. Lack of consistent responses to aircraft noise in dawn 
song timing of bird populations near tropical airports. Behav Ecol Sociobiol. 74(7). 
doi:10.1007/s00265-020-02865-6. 

Arcila F, Meunier J. 2020. Friend or foe? The apparent benefits of gregarine (Apicomplexa: Sporozoa) 
infection in the European earwig. Int J Parasitol. 50(6–7):461–469. doi:10.1016/j.ijpara.2020.01.007. 
https://doi.org/10.1016/j.ijpara.2020.01.007. 

Arito H, Sudo A, Suzuki Y. 1981. Aggressive behavior of the rat induced by repeated administration of 
cadmium. Toxicol Lett. 7(6):457–461. doi:10.1016/0378-4274(81)90093-X. 
http://dx.doi.org/10.1016/j.genhosppsych.2011.10.009. 

Aulsebrook LC, Bertram MG, Martin JM, Aulsebrook AE, Brodin T, Evans JP, Hall MD, O’Bryan MK, 
Pask AJ, Tyler CR, et al. 2020. Reproduction in a polluted world: implications for wildlife. 
Reproduction. 160(2):R13–R23. doi:10.1530/REP-20-0154. 
https://rep.bioscientifica.com/view/journals/rep/160/2/REP-20-0154.xml. 

Bertram MG, Martin JM, McCallum ES, Alton LA, Brand JA, Brooks BW, Cerveny D, Fick J, Ford AT, 
Hellström G, et al. 2022. Frontiers in quantifying wildlife behavioural responses to chemical pollution. 
Biol Rev. 97(4):1346–1364. doi:10.1111/brv.12844. 

Blomquist GJ, Bagnères AG. 2010. Insect hydrocarbons: biology, biochemistry, and chemical ecology. 
Cambridge university press. 

Boos S, Meunier J, Pichon S, Kölliker M. 2014. Maternal care provides antifungal protection to eggs in 
the European earwig. Behav Ecol. 25(4):754–761. doi:10.1093/beheco/aru046. 

Bouvier JC, Boivin T, Beslay D, Sauphanor B. 2002. Age-dependent response to insecticides and 
enzymatic variation in susceptible and resistant codling moth larvae. Arch Insect Biochem Physiol. 
51(2):55–66. doi:10.1002/arch.10052. 

Bowen AE, Gurule-Small GA, Tinghitella RM. 2020. Anthropogenic noise reduces male reproductive 
investment in an acoustically signaling insect. Behav Ecol Sociobiol. 74(8). doi:10.1007/s00265-020-
02868-3. 

Butt A, Qurat-ul-Ain, Rehman K, Khan MX, Hesselberg T. 2018. Bioaccumulation of cadmium, lead, 
and zinc in agriculture-based insect food chains. Environ Monit Assess. 190(12). doi:10.1007/s10661-
018-7051-2. 

Candolin U, Wong BBM. 2019. Mate choice in a polluted world: Consequences for individuals, 
populations and communities. Philos Trans R Soc B Biol Sci. 374(1781). doi:10.1098/rstb.2018.0055. 

Caorsi V, Sprau P, Zollinger SA, Brumm H. 2019. Nocturnal resting behaviour in urban great tits and 
its relation to anthropogenic disturbance and microclimate. Behav Ecol Sociobiol. 73(2). 
doi:10.1007/s00265-018-2624-1. 

Cervera A, Maymó AC, Sendra M, Martínez-Pardo R, Garcerá MD. 2004. Cadmium effects on 
development and reproduction of Oncopeltus fasciatus (Heteroptera: Lygaeidae). J Insect Physiol. 
50(8):737–749. doi:10.1016/j.jinsphys.2004.06.001. 

Chen S, Nichols KM, Poynton HC, Sepúlveda MS. 2016. MicroRNAs are involved in cadmium tolerance 



in Daphnia pulex. Aquat Toxicol. 175:241–248. doi:10.1016/j.aquatox.2016.03.023. 
http://dx.doi.org/10.1016/j.aquatox.2016.03.023. 

Dechartres J, Pawluski JL, Gueguen MM, Jablaoui A, Maguin E, Rhimi M, Charlier TD. 2019. 
Glyphosate and glyphosate-based herbicide exposure during the peripartum period affects maternal 
brain plasticity, maternal behaviour and microbiome. J Neuroendocrinol. 31(9):1–17. 
doi:10.1111/jne.12731. 

Dési I, Nagymajtényi L, Schulz H. 1998. Behavioural and neurotoxicological changes caused by 
cadmium treatment of rats during development. J Appl Toxicol. 18(1):63–70. doi:10.1002/(SICI)1099-
1263(199801/02)18:1<63::AID-JAT475>3.0.CO;2-Z. 

Dew WA, Azizishirazi A, Pyle GG. 2014. Contaminant-specific targeting of olfactory sensory neuron 
classes: Connecting neuron class impairment with behavioural deficits. Chemosphere. 112:519–525. 
doi:10.1016/j.chemosphere.2014.02.047. http://dx.doi.org/10.1016/j.chemosphere.2014.02.047. 

Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB, Collen B. 2014. Defaunation in the Anthropocene. 
Science (80- ). 345(6195):401–406. doi:10.1126/science.1251817. 

Dutta M, Kushwaha A, Kalita S, Devi G, Bhuyan M. 2019. Assessment of bioaccumulation and 
detoxification of cadmium in soil-plant-insect food chain. Bioresour Technol Reports. 
7(January):100242. doi:10.1016/j.biteb.2019.100242. https://doi.org/10.1016/j.biteb.2019.100242. 

Elgert C, Lehtonen TK, Kaitala A, Candolin U. 2021. The duration of artificial light defines sexual 
signalling in the common glow-worm. Behav Ecol Sociobiol. 75(11):1–8. doi:10.1007/s00265-021-
03093-2. https://doi.org/10.1007/s00265-021-03093-2. 

Estanislau C, Díaz-Morán S, Cañete T, Blázquez G, Tobeña A, Fernández-Teruel A. 2013. Context-
dependent differences in grooming behavior among the NIH heterogeneous stock and the Roman 
high- and low-avoidance rats. Neurosci Res. 77(4):187–201. doi:10.1016/j.neures.2013.09.012. 

Estanislau C, Veloso AWN, Filgueiras GB, Maio TP, Dal-Cól MLC, Cunha DC, Klein R, Carmona LF, 
Fernández-Teruel A. 2019. Rat self-grooming and its relationships with anxiety, dearousal and 
perseveration: Evidence for a self-grooming trait. Physiol Behav. 209(April):112585. 
doi:10.1016/j.physbeh.2019.112585. https://doi.org/10.1016/j.physbeh.2019.112585. 

FitzGerald R, Roth N. 2015. Cadmium in mineral fertilizers – human and environmental risk update. 

Foster JG, Algera DA, Brownscombe JW, Zolderdo AJ, Cooke SJ. 2016. Consequences of Different 
Types of Littoral Zone Light Pollution on the Parental Care Behaviour of a Freshwater Teleost Fish. 
Water Air Soil Pollut. 227(11). doi:10.1007/s11270-016-3106-6. http://dx.doi.org/10.1007/s11270-
016-3106-6. 

Fox J, Weisberg S. 2018. An R companion to applied regression. Sage publications., editor. 

Friard O, Gamba M. 2016. BORIS: a free, versatile open-source event-logging software for 
video/audio coding and live observations. Methods Ecol Evol. 7(11):1325–1330. doi:10.1111/2041-
210X.12584. 

Germano MD, Picollo MI. 2018. Stage-dependent expression of deltamethrin toxicity and resistance 
in triatoma infestans (hemiptera: Reduviidae) from Argentina. J Med Entomol. 55(4):964–968. 
doi:10.1093/jme/tjy017. 

Gomot A. 1998. Toxic effects of cadmium on reproduction, development, and hatching in the 
freshwater snail Lymnaea stagnalis for water quality monitoring. Ecotoxicol Environ Saf. 41(3):288–
297. doi:10.1006/eesa.1998.1711. 

González-Miguéns R, Muñoz-Nozal E, Jiménez-Ruiz Y, Mas-Peinado P, Ghanavi HR, García-París M. 
2020. Speciation patterns in the Forficula auricularia species complex: Cryptic and not so cryptic taxa 
across the western Palaearctic region. Zool J Linn Soc. 190(3):788–823. 



doi:10.1093/zoolinnean/zlaa070. 

Goretti E, Pallottini M, Rossi R, La Porta G, Gardi T, Cenci Goga BT, Elia AC, Galletti M, Moroni B, 
Petroselli C, et al. 2020. Heavy metal bioaccumulation in honey bee matrix, an indicator to assess the 
contamination level in terrestrial environments. Environ Pollut. 256:113388. 
doi:10.1016/j.envpol.2019.113388. https://doi.org/10.1016/j.envpol.2019.113388. 

Hamilton TJ, Krook J, Szaszkiewicz J, Burggren W. 2021. Shoaling, boldness, anxiety-like behavior and 
locomotion in zebrafish (Danio rerio) are altered by acute benzo[a]pyrene exposure. Sci Total 
Environ. 774:145702. doi:10.1016/j.scitotenv.2021.145702. 
https://doi.org/10.1016/j.scitotenv.2021.145702. 

Honorio R. 2023. Data from: Cadmium does not affect post-hatching maternal care or early offspring 
development in earwigs. Behavioral Ecology. https://zenodo.org/record/7662295. 

Honorio R, Depierrefixe P, Devers S, Rouelle M, Meunier J, Lécureuil C. 2023. Effects of cadmium 
ingestion on reproduction and maternal egg care in the European earwig. Anim Behav. 195:1–8. 
doi:10.1016/j.anbehav.2022.10.008. 
https://linkinghub.elsevier.com/retrieve/pii/S0003347222002901. 

Honorio R, Jacquier L, Doums C, Molet M. 2021.  Disentangling the roles of social and individual 
effects on cadmium tolerance in the ant Temnothorax nylanderi . Biol J Linn Soc.:1–12. 
doi:10.1093/biolinnean/blab116. 

Jacquier L, Doums C, Four-Chaboussant A, Peronnet R, Tirard C, Molet M. 2020 Sep 30. Urban 
colonies are more resistant to a trace metal than their forest counterparts in the ant Temnothorax 
nylanderi. Urban Ecosyst. doi:10.1007/s11252-020-01060-9. 
http://link.springer.com/10.1007/s11252-020-01060-9. 

Jacquin L, Petitjean Q, Côte J, Laffaille P, Jean S. 2020. Effects of Pollution on Fish Behavior, 
Personality, and Cognition: Some Research Perspectives. Front Ecol Evol. 8(April):1–12. 
doi:10.3389/fevo.2020.00086. 

Kalueff A V, Stewart AM, Song C, Berridge KC, Graybiel AM, Fentress JC. 2016. Neurobiology of 
rodent self-grooming and its value for translational neuroscience. Nat Rev Neurosci. 17(1):45–59. 
doi:10.1038/nrn.2015.8. http://www.nature.com/articles/nrn.2015.8. 

Karouna-Renier NK, Zehr JP. 2003. Short-term exposures to chronically toxic copper concentrations 
induce HSP70 proteins in midge larvae (Chironomus tentans). Sci Total Environ. 312(1–3):267–272. 
doi:10.1016/S0048-9697(03)00254-7. 

Kölliker M. 2007. Benefits and costs of earwig (Forficula auricularia) family life. Behav Ecol Sociobiol. 
61(9):1489–1497. doi:10.1007/s00265-007-0381-7. 

Kölliker M, Boos S, Wong JWY, Röllin L, Stucki D, Raveh S, Wu M, Meunier J. 2015. Parent-offspring 
conflict and the genetic trade-offs shaping parental investment. Nat Commun. 6. 
doi:10.1038/ncomms7850. 

Kramer J, Körner M, Diehl JMC, Scheiner C, Yüksel-Dadak A, Christl T, Kohlmeier P, Meunier J. 2017. 
When earwig mothers do not care to share: Parent–offspring competition and the evolution of family 
life. Funct Ecol. 31(11):2098–2107. doi:10.1111/1365-2435.12915. 

Kubier A, Wilkin RT, Pichler T. 2019. Cadmium in soils and groundwater: A review. Appl 
Geochemistry. 108(February). doi:10.1016/j.apgeochem.2019.104388. 

Li K, Chen J, Jin P, Li J, Wang J, Shu Y. 2018. Effects of Cd accumulation on cutworm Spodoptera litura 
larvae via Cd treated Chinese flowering cabbage Brassica campestris and artificial diets. 
Chemosphere. 200:151–163. doi:10.1016/j.chemosphere.2018.02.042. 
https://doi.org/10.1016/j.chemosphere.2018.02.042. 



Liu H, Huang X, Xu J, Mao H, Li Y, Ren K, Ma G, Xue Q, Tao H, Wu S, et al. 2021. Dissection of the 
relationship between anxiety and stereotyped self-grooming using the Shank3B mutant autistic 
model, acute stress model and chronic pain model. Neurobiol Stress. 15:100417. 
doi:10.1016/j.ynstr.2021.100417. https://doi.org/10.1016/j.ynstr.2021.100417. 

Liu K, Hou S, Wu S, Zhang W, Zou X, Yu J, Song J, Sun X, Huang R, Pang H, et al. 2021. Assessment of 
heavy metal contamination in the atmospheric deposition during 1950–2016 A.D. from a snow pit at 
Dome A, East Antarctica. Environ Pollut. 268:115848. doi:10.1016/j.envpol.2020.115848. 
https://doi.org/10.1016/j.envpol.2020.115848. 

Lüdecke D, Makowski D, Waggoner P, Patil I. 2020. Performance: Assessment of regression models 
performance. R Packag version 04, 5. 

Luo M, Cao H, Fan Y, Zhou X, Chen J, Chung H, Wei H. 2020. Bioaccumulation of Cadmium Affects 
Development, Mating Behavior, and Fecundity in the Asian Corn Borer, Ostrinia furnacalis. Insects. 
11(7):1–11. 

Malakar C, Ganguly A, Haldar P. 2009. Influence of Cadmium on Growth , Survival and Clutch Size of A 
Common Indian Short Horned Grasshopper , Oxya fuscovittata. 1(1):32–36. 

Malbert-Colas A, Drozdz T, Massot M, Bagni T, Chertemps T, Maria A, Maïbèche M, Siaussat D. 2020. 
Effects of low concentrations of deltamethrin are dependent on developmental stages and sexes in 
the pest moth Spodoptera littoralis. Environ Sci Pollut Res. 27(33):41893–41901. 
doi:10.1007/s11356-020-10181-9. 

Mas F, Haynes KF, Kölliker M. 2009. A chemical signal of offspring quality affects maternal care in a 
social insect. Proc R Soc B Biol Sci. 276(1668):2847–2853. doi:10.1098/rspb.2009.0498. 

Mas F, Kölliker M. 2011. Differential effects of offspring condition-dependent signals on maternal 
care regulation in the European earwig. Behav Ecol Sociobiol. 65(2):341–349. doi:10.1007/s00265-
010-1051-8. 

Matsuura I, Saitoh T, Tani E, Wako Y, Iwata H, Toyota N, Ishizuka Y, Namiki M, Hoshino N, Tsuchitani 
M, et al. 2005. Evaluation of a two-generation reproduction toxicity study adding endopoints to 
detect endocrine disrupting activity using lindane. J Toxicol Sci. 30(SPEC. ISS.):135–161. 
doi:10.2131/jts.30.135. 

Mauduit E, Lécureuil C, Meunier J. 2021. Sublethal exposure to deltamethrin stimulates reproduction 
and has limited effects on post-hatching maternal care in the European earwig. Environ Sci Pollut 
Res. 28(29):39501–39512. doi:10.1007/s11356-021-13511-7. 

Meunier J, Dufour J, Van Meyel S, Rault M, Lécureuil C. 2020. Sublethal exposure to deltamethrin 
impairs maternal egg care in the European earwig Forficula auricularia. Chemosphere. 258. 
doi:10.1016/j.chemosphere.2020.127383. 

Meunier J, Körner M, Kramer J. 2022. Parental care. In: Omkar, Mishra G, editors. Reproductive 
strategies in Insects. CRC Press, Boca Raton. p. 337–348. 

Meunier J, Wong JWY, Gómez Y, Kuttler S, Röllin L, Stucki D, Kölliker M. 2012. One clutch or two 
clutches? Fitness correlates of coexisting alternative female life-histories in the European earwig. 
Evol Ecol. 26(3):669–682. doi:10.1007/s10682-011-9510-x. 

Mock DW. 2022. Parental Care in birds Stanford U. Curr Biol. 32(20):R1132–R1136. 
doi:10.1016/j.cub.2022.07.039. http://dx.doi.org/10.1016/j.cub.2022.07.039. 

Nanda KP, Firdaus H. 2022. Dietary cadmium induced declined locomotory and reproductive fitness 
with altered homeostasis of essential elements in Drosophila melanogaster. Comp Biochem Physiol 
Part - C Toxicol Pharmacol. 255(January):109289. doi:10.1016/j.cbpc.2022.109289. 
https://doi.org/10.1016/j.cbpc.2022.109289. 



Rankin SM, Palmer JO, Yagi KJ, Scott GL, Tobet SS. 1995. Biosynthesis and release of juvenile 
hormone during the reproductive cycle of the ring-legged earwig. Comp Biochem Physiol Part C 
Comp. 110(3):241–251. doi:10.1016/0742-8413(95)00016-H. 

Ringot G, Gasparini J, Wagner M, Albassatneh MC, Frantz A. 2018. More and smaller resting eggs 
along a gradient for pollution by metals: Dispersal, dormancy and detoxification strategies in 
Daphnia? Biol J Linn Soc. 124(1):11–20. doi:10.1093/BIOLINNEAN/BLY026. 

Root-Bernstein M. 2010. Displacement activities during the honeybee transition from waggle dance 
to foraging. Anim Behav. 79(4):935–938. doi:10.1016/j.anbehav.2010.01.010. 
http://dx.doi.org/10.1016/j.anbehav.2010.01.010. 

Rothman JA, Leger L, Kirkwood JS, Mcfrederick QS. 2019. Cadmium and selenate exposure affects the 
honey bee microbiome and metabolome , and bee-associated bacteria. Appl Environ Microbiol. 
85(21):e01411-19. 

Saaristo M, Brodin T, Balshine S, Bertram MG, Brooks BW, Ehlman SM, McCallum ES, Sih A, Sundin J, 
Wong BBM, et al. 2018. Direct and indirect effects of chemical contaminants on the behaviour, 
ecology and evolution of wildlife. Proc R Soc B Biol Sci. 285(1885). doi:10.1098/rspb.2018.1297. 

Su H, Wu J, Zhang Z, Ye Z, Chen Y, Yang Y. 2021. Effects of cadmium stress at different concentrations 
on the reproductive behaviors of beet armyworm Spodoptera exigua (Hübner). Ecotoxicology. 
30(3):402–410. doi:10.1007/s10646-021-02365-x. 

Thesing J, Kramer J, Koch LK, Meunier J. 2015. Short-term benefits, but transgenerational costs of 
maternal loss in an insect with facultative maternal care. Proc R Soc B Biol Sci. 282(1817). 
doi:10.1098/rspb.2015.1617. 

Trumbo ST. 2013. Patterns of parental care in invertebrates. In: Royle NJ, Smiseth PT, Kölliker M, 
editors. The Evolution of Parental Care. Oxford University Press. p. 81–100. 

Vági B, Marsh D, Katona G, Végvári Z, Freckleton RP, Liker A, Székely T. 2022. The evolution of 
parental care in salamanders. Sci Rep. 12(1):16655. doi:10.1038/s41598-022-20903-3. 
https://doi.org/10.1038/s41598-022-20903-3. 

Van Meyel S, Devers S, Dupont S, Dedeine F, Meunier J. 2021. Alteration of gut microbiota with a 
broad-spectrum antibiotic does not impair maternal care in the European earwig. J Evol Biol. 
34(7):1034–1045. doi:10.1111/jeb.13791. 

Van Meyel S, Devers S, Meunier J. 2021. Earwig mothers consume the feces of their juveniles during 
family life. Insect Sci.:1–8. doi:10.1111/1744-7917.12941. 

Weiß C, Kramer J, Holländer K, Meunier J. 2014. Influences of Relatedness, Food Deprivation, and Sex 
on Adult Behaviors in the Group-living Insect Forficula auricularia. Ethology. 120(9):923–932. 
doi:10.1111/eth.12261. 

Wirth T, Guellec RLE, Vancassel M, Veuille M. 1998. Molecular and reproductive characterization of 
sibling species in the European earwig (Forficula auricularia). Evolution (N Y). 52(1):260–265. 
doi:10.1111/j.1558-5646.1998.tb05160.x. 

Wong JWY, Kölliker M. 2012. The Effect of Female Condition on Maternal Care in the European 
Earwig. Ethology. 118(5):450–459. doi:10.1111/j.1439-0310.2012.02030.x. 

Wong JWY, Meunier J, Lucas C, Kölliker M. 2014. Paternal signature in kin recognition cues of a social 
insect: Concealed in juveniles, revealed in adults. Proc R Soc B Biol Sci. 281(1793). 
doi:10.1098/rspb.2014.1236. 

Wu M, Walser JC, Sun L, Kölliker M. 2020. The genetic mechanism of selfishness and altruism in 
parent-offspring coadaptation. Sci Adv. 6(1):1–12. doi:10.1126/sciadv.aaw0070. 

Zala SM, Penn DJ. 2004. Abnormal behaviours induced by chemical pollution: A review of the 



evidence and new challenges. Anim Behav. 68(4):649–664. doi:10.1016/j.anbehav.2004.01.005. 

Zhang H, Reynolds M. 2019. Cadmium exposure in living organisms: A short review. Sci Total Environ. 
678:761–767. doi:10.1016/j.scitotenv.2019.04.395. https://doi.org/10.1016/j.scitotenv.2019.04.395. 

Zhukovskaya M, Yanagawa A, Forschler B. 2013. Grooming Behavior as a Mechanism of Insect 
Disease Defense. Insects. 4(4):609–630. doi:10.3390/insects4040609. 



Figure legends 

 

Figure 1: Effects of cadmium ingestion on three forms of maternal nymph care: (A) the 
expression of allo-grooming, B) the duration of nymph antennation, and C) the number of 

simulated predator attacks required to drive the female away. Boxplots depict the median 
(bold bar) and interquartile range (light bar), with whiskers extending to 1.5 times the 
interquartile range and dots representing experimental values. For pairwise comparisons, 
different letters correspond to P < 0.05. The absence of letters on a figure indicates an 
absence of significant differences between all the tested doses. 
  



 

Figure 2: Effects of cadmium ingestion on the total duration of A) self-grooming B) inactivity 
and C) exploration expressed by mothers; D) the distance walked by mothers E) the amount 
of pollen pellet consumed and finally F) the number of feces produced. Boxplots depict the 
median (bold bar) and interquartile range (light bar), with whiskers extending to 1.5 times 
the interquartile range and dots representing experimental values. For pairwise 
comparisons, different letters correspond to P < 0.05. The absence of letters on a figure 
indicates an absence of significant differences between all the tested doses. 
  



 

Figure 3: Effects of cadmium ingestion on A) the rate of nymph survival and B) the relative 
weight gain of nymphs during parent-offspring interactions. A value of ‘0’ corresponds to no 
weight gained. Boxplots depict the median (bold bar) and interquartile range (light bar), with 
whiskers extending to 1.5 times the interquartile range and dots representing experimental 
values. We did not detect any effect of cadmium concentration on the measurements 
presented in this figure
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