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 2 

Abstract  20 

Recent models have identified evolutionary explanations for sensitive periods, when individuals are 21 

more responsive to experiences at certain stages of development, based on benefits and costs of 22 

attending to environmental cues. Empirical tests of these models face challenges, requiring 23 

complex, long-term experiments, and detailed understanding of physiology and ecology. Insect 24 

systems offer the opportunity to overcome these challenges, given their tractability, diversity and 25 

well-studied mechanisms. These studies shed light not only on fundamental biology, but have 26 

societal implications given the roles insects play in pollinating or decimating food crops and in 27 

spreading parasites. Understanding the role of sensitive periods can help to protect beneficial insect 28 

populations while controlling pests and vectors of disease.  29 

 30 

Introduction 31 

Across most organisms, individuals receive inputs from their environment which may induce a 32 

change in their behaviour, physiology or morphology. Such responses tend to be particularly strong 33 

at certain life stages compared to others, often early in development, and can carry over to 34 

influence phenotypes through the rest of life [1–3]. Examples of such sensitive periods abound 35 

across the natural world. In humans, there are extensive studies showing how experiences of 36 

challenging conditions, including environmental disaster, famine and social disruption, both in utero 37 

and early in childhood, shape later coping strategies, behaviour and health [4–6]. In the Norway 38 

spruce Picea abies, the temperature experienced during embryogenesis determines the height and 39 

timing of bud set in the adult tree [7]; and studies in prairie voles Microtus ochrogaster show how 40 

the amount and quality of parental care received as a pup influence later alloparenting, social bonds 41 

and dispersal [8]. Many bird species learn their adult song in a critical window early in development: 42 

in zebra finches Taeniopygia guttata, this period can be extended when they have delayed access 43 

to an adult tutor but only if they already have a song template provided by hearing their father as a 44 

young chick [9]. 45 

 46 
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A long-standing question in evolutionary biology and developmental psychology is why individuals 47 

would be particularly affected by experiences at certain stages of development (termed ‘sensitive 48 

periods’ or ‘sensitive windows’) rather than exhibit the capacity to respond to the same extent to 49 

their environment across their entire life course. Here, we first describe evolutionary models which 50 

set out to ask how natural selection should favour the evolution of sensitive periods [10]. These 51 

models present general insights into the adaptive basis of sensitive periods, and we discuss the 52 

challenges empiricists face in testing model predictions. We argue that insect systems can be useful 53 

for overcoming these challenges, owing to their experimental tractability and extensively studied 54 

mechanisms. We end by describing examples from studies of sensitive periods on insect 55 

pollinators, pests and vectors of disease to showcase the societal implications of such insights.  56 

 57 

Evolutionary models of sensitive periods 58 

In recent years, several theoretical models have investigated the conditions under which natural 59 

selection would favour developmental programmes where individuals respond more to experiences 60 

at certain life stages rather than others. The mechanics and key results of these models are clearly 61 

summarised in a comprehensive review by Fawcett and Frankenhuis [10], and we briefly reiterate 62 

these but refer readers to this review, follow-up studies and reviews [11–14], and the models therein 63 

(e.g. Refs. [15–17]), for a more detailed presentation.  64 

 65 

Most models exploring the evolution of sensitive periods are predicated on an information-based 66 

perspective [10]. Individuals are constantly exposed to cues about their extrinsic environment or 67 

their internal state, where ‘cues’ are observations that provide information (i.e., reduce uncertainty) 68 

about the state of the world. By responding to these cues – adjusting their physiology or behaviour 69 

– they potentially increase their reproductive value, or contribution to the next generation in the form 70 

of evolutionary fitness. The cues individuals receive can vary in their reliability, or the degree to 71 

which they reduce uncertainty about the environment. The extent to which individuals attend to 72 

these cues may vary depending on their underlying confidence about the state of the world. 73 

Moreover, individuals may be exposed to multiple cues which may differ in reliability. For example, 74 
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young individuals may be more influenced by their observation of adult responses to aversive 75 

stimuli than by their own direct exposure to these stimuli.  76 

 77 

Fawcett and Frankenhuis [10] summarise recent information-based models to highlight four main, 78 

and not mutually exclusive, conditions under which individuals are particularly sensitive to cues at 79 

certain stages of development. These are: first, when there is variation in the frequency (or 80 

availability) of cues; second, when there is variation in the reliability of cues; third, when the fitness 81 

value of responding to such cues is highest; and, fourth, when there are constraints on, or costs 82 

resulting from, plasticity (i.e., the ability of a genotype to produce a range of phenotypes in response 83 

to different environmental conditions) at other life stages. These four criteria are explained in more 84 

detail in the section ‘Using insects to test sensitive periods evolution’ below. 85 

 86 

While there is much to unpick in each of these criteria (see Refs. [10,13]), our aim here is to discuss 87 

how empiricists can test these predictions. Models are, by definition, abstractions of reality 88 

and, while yielding important insights into the operations of natural selection and guiding research 89 

programmes, there are challenges in bridging model development and empirical testing. While this 90 

is a general issue [18,19], there are particular challenges relating to the models of sensitive periods 91 

and how to test them [13,14]. 92 

 93 

First, some models of the evolution of sensitive periods use simulations to recapitulate what 94 

empiricists do, for example, by exposing individuals to experimental treatments [15] or adopting 95 

them into different environments [13,17]. Setting up similar empirical experiments can be much 96 

more challenging, however. If an experiment has set out to compare plasticity at different periods 97 

during development, then a fully replicated design across different combinations is required, and 98 

this can result in fairly large and unwieldy sample sizes.   99 

 100 

Second, both individual phenotypes and environments are complex and multi-faceted, and 101 

theoretical models cannot capture all this complexity, nor would it be useful for them to do so. 102 
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However, when faced with testing models, empiricists have to ask questions such as: what 103 

environmental cue should be manipulated (e.g., temperature, population density, food availability), 104 

and should a combination of such cues be considered [20]? Do we have data from natural 105 

conditions on the reliability of these cues: for example, how might local encounters with conspecifics 106 

indicate competition at the population level? Moreover, how do these cues reflect environmental 107 

stability across development, as might be measured by statistics such as temporal autocorrelation 108 

[14]? What behavioural or physiological response should be measured, for example, foraging, 109 

exploratory behaviour, growth, sexual maturation, hormone production? While there are instances 110 

where the relevant environmental cues are well established, and the relevant phenotypic adjustment 111 

clearly connected to fitness outcomes, this represents a small minority of cases.  112 

 113 

Using insects to test the evolution of sensitive periods 114 

The challenges described above are not insurmountable, and we highlight how studies on insects 115 

can provide a powerful means of understanding the evolution of sensitive periods. In so doing, we 116 

reflect on existing studies which already provide useful insights yet, because of differences in 117 

terminology, may not yet have been linked to the literature on sensitive periods. We acknowledge 118 

that there is a wealth of literature on studying phenotypic plasticity in insects, from physiological 119 

mechanism through to evolutionary adaptation (see Ref. [21] for an excellent introductory overview). 120 

Classic examples include the dramatic change in appearance and behaviour of an individual desert 121 

locust Schistocerca gregaria in response to increased conspecific density, which shifts from being 122 

cryptic and avoiding conspecifics to exhibiting striking warning colouration and being attracted to its 123 

neighbours [22]. Similarly, some populations of the soapberry bug adjust their mate-guarding 124 

behaviour as an adaptive response to the sex ratio experienced during development, with males 125 

guarding females more when they have experienced a male-biased sex ratio [23]. However, such 126 

plasticity is only evident in populations which experienced variable sex ratios, whereas those with 127 

more predictable encounter rates with females do not adjust their guarding behaviour as a 128 

consequence of their experience.  129 

 130 
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In general, insect species kept in the laboratory are highly tractable experimental systems. They 131 

have short lifespans, allowing the measurement of complete developmental trajectories within the 132 

timeframe of most research programmes. In many insect model systems, behavioural phenotypes 133 

are well characterised and can be measured with relative ease, even in the wild. Laboratory 134 

populations can be kept under controlled conditions, which makes it possible to manipulate cues 135 

across multiple stages of development (Figure 1) and to use of different types of cues. Large 136 

populations can be monitored to quantify individual variability, and in well-characterised model 137 

systems such as Drosophila, comparisons across genotypes can be used to assess genetic 138 

variability in responsiveness to cues [24].  139 

 140 

Importantly, in many insect models, the mechanisms underlying development are extremely well 141 

established, including the transcription and translation of key genes and proteins, hormones and 142 

signalling pathways involved in determining adult phenotype [25,26], and the role of DNA 143 

methylation in determining the stability of responses within and across generations. For example, 144 

the social and nutritional factors determining whether a Pheidole ant becomes a large or small 145 

soldier are regulated by the rudimentary forewing disc, which determines the head to body size 146 

scaling [27]. Similarly, the nature by which individuals sense their environment is often extremely 147 

well characterised, such as how the sensory hairs on the legs of desert locusts allow detection of 148 

conspecific density and trigger change to the gregarious morph (reference in Ref. [21]). Such 149 

mechanistic insights could feed back into the evolutionary models, which have thus far been fairly 150 

agnostic on mechanisms [13].  151 

 152 

For comparative studies, insects provide a fascinating contrast in developmental mode (Figure 1). 153 

Specifically, the distinction between hemimetabolous development, where nymphs proceed through 154 

different developmental stages, without complete metamorphosis, and holometabolous 155 

development, involving a complete morphological transition from larval form to an adult insect, 156 

allows for key insights when considering insect systems in the context of sensitive periods in 157 
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development, as explained in further detail below. For further reading on the evolutionary 158 

relationships between these types of development, see Ref. [28]. 159 

 160 

 161 

Figure 1 Measuring sensitive periods in insect systems.   162 

(a) Contrast between hemimetabolous and holometabolous insects, the latter undergoing a 163 

complete metamorphosis during the pupal stage (upper panel: Pacific beetle cockroach, Diploptera 164 

punctata; lower panel: winter moth, Operophtera brumata). (b) The type of experimental design 165 

used to study sensitive periods. Note that the type of cue (for example, temperature, food quality or 166 

quantity, predation, or social group density) applied in a hemimetabolous species is more likely to 167 

be similar across stages, whereas cues experienced at the larval and pupal stage in 168 

holometabolous insects are more likely to differ (as indicated by different colours; for example 169 

different types of food for the larva and adult winter moth).  170 

 171 

We now turn to the four key predictions from models of the evolution of sensitive periods and 172 

assess existing empirical support from key insect studies.  173 

 174 
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First, Fawcett and Frankenhuis predict that there may be certain periods of life when individuals 175 

encounter cues about their environment more frequently than at other periods [10]. In the 176 

same way, there exist certain periods when individuals are not exposed to cues, such in utero when 177 

mothers provide buffering from environmental adversity. In the context of insect systems, we can 178 

draw a comparison between systems depending on the mode of development, with holometabolous 179 

insects which undergo metamorphosis compared to hemimetabolous insects with more continuous 180 

development (Figure 1). 181 

 182 

In holometabolous insects, cues can vary dramatically across different life stages given the 183 

extensive neurophysiological reorganisation involved in metamorphosis (Figure 1, bottom panel) 184 

and highly contrasting levels of mobility between life stages, from immobile larvae to highly mobile 185 

adults, with pupae being entirely sedentary and often left in protected micro-habitats. One might 186 

then ask if and how the experience of cues at one stage of development can influence the 187 

phenotype at later stages. In general, there is clear evidence for such effects and also for their 188 

evolution, including a great diversity within and across species in how sensitive individuals are to 189 

cues across development, and in the extent to which adult traits, such as size, longevity, fecundity 190 

and behaviour, are affected by early-life cues (see Ref. [3] for more general discussion). In the case 191 

of holometabolous insects, many studies consider how experiences limited to the larval stage 192 

influence later adult traits. For example, larval density influences adult boldness and activity in the 193 

leaf beetle Phaedon cochleariae [29]. Individuals reared in higher density are less bold, which may 194 

be an adaptive strategy to avoid intra-specific conflict in this non-social species. Males reared in 195 

higher density also have higher activity levels which can increase the chance of encountering 196 

females. Chemical cues during larval development in the moth Spodoptera littoralis influence adult 197 

host plant preference [30] or, in the ant Aphaenogaster senilis [31], the ability to recognise same-198 

colony individuals.  199 

 200 

In hemimetabolous insects, it is more likely that cues are comparable across life stages and result in 201 

more gradual adjustment in plasticity at different time points, consistent with predictions of Fawcett 202 
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and Frankenhuis, as there is no dramatic period of reorganisation and the sensory structure 203 

remains similar across stages. Even in such systems, however, there is evidence for heightened 204 

responses at early stages. In the Pacific beetle cockroach Diploptera punctata, for example, males 205 

show accelerated development when reared in larger groups, but this effect is more likely to occur 206 

when the exposed to social cues in the first stage of development than at later stages [32]. The 207 

early maturation resulting from this accelerated development may enable early reproduction and so 208 

represent a fitness advantage for these males (as relevant to the third prediction, described below). 209 

 210 

A second prediction is that individuals will be more sensitive to their environment at periods when 211 

cues have higher reliability. For example, parents may have better access to cues on 212 

environmental risk than juveniles are able to gain for themselves; or cues on mate availability may 213 

be more reliable at the point when individuals reach maturity. In insect systems, cue reliability and 214 

how it changes across development can be easily assessed, particularly in those systems with 215 

relatively short lifespans and where data from natural populations allow assessment of the extent to 216 

which cues indicate fitness-relevant dimensions of the environment, as is required for testing 217 

models [14]. For example, in burying beetles Nicrophorus vespilloides, larvae respond to the density 218 

of phoretic mites on the carcass where they are reared as a cue of adult population density, and 219 

field studies confirm the reliability of this cue [33]. Adults then adjust their reproductive investment if 220 

they receive the same cue as adults, with those exposed to high mite density investing more in 221 

current reproduction at a cost to survival, as this is potentially adaptive under a high-competition 222 

environment [33].   223 

 224 

Contrasting mobility across different developmental stages can generate differences in cue 225 

reliability, and explain why certain life stages are more sensitive to experiences than others. For 226 

example, in the kelp fly Paractora dreuxi, larvae exhibit rapid cold hardening, a physiological 227 

mechanism to survive otherwise lethal cold temperatures, after previous exposure to cold 228 

temperatures (a predictable cue for this immobile stage), whereas highly mobile adults do not 229 

exhibit this response, as they can experience a wide range of temperatures [34].  230 
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 231 

Third, Fawcett and Frankenhuis predict that the fitness benefits of responding to cues may vary 232 

depending on when these cues are received. For example, if complex phenotypes take time to 233 

develop, then responding to cues early in life may garner greater fitness advantages than when the 234 

response is initiated later. For most insect species, individuals can be followed across their whole 235 

lifespan, allowing researchers to record both when environmental cues (such as temperature, 236 

nutrition or population density) were perceived, and when phenotypes were produced, including 237 

data on survival, reproduction and transgenerational effects. This enables researchers studying 238 

insect systems to connect the dots between cues at specific periods and eventual fitness outcomes. 239 

Experimental studies on the winter moth, Operophtera brumata, for example, show that individuals 240 

adjust the duration of the pupal period in response to photoperiod cues experienced as a newly 241 

hatched larva [35]. Such adjustments to early-life cue exposure can increase fitness, allowing adults 242 

to emerge at the same time (an observation supported by long-term field data [35]) – even when 243 

eggs have hatched at different times owing to optimal larval food availability. This could maximize 244 

mating opportunities given that females are flightless and the benefit of synchronisation in terms of 245 

mate location potentially trumps any cost in terms of competition. In the ant Camponotus floridanus, 246 

the ability of larvae to respond to chemical cues and hormones provided by adults during rearing is 247 

essential as responding to such cues leads to larger adult body size and an increased likelihood of 248 

surviving metamorphosis [36], both of which indicate the ant colony’s fitness. 249 

 250 

Fourth, sensitive periods during development can evolve when certain life stages experience strong 251 

constraints on plasticity, or high costs of responding, even if individuals are exposed to cues. 252 

The determination of body size in holometabolous insects provides strong support for this 253 

prediction, whereby the amount of food ingested during the larval stage is key for deciding the size 254 

of the adult insect, and because of the hard exoskeleton subsequent growth is not possible, even if 255 

more food is available (indeed, in many lepidopteran species the adult stage does not feed at all) 256 

[21]. Similarly, in holometabolous insects, larvae are less mobile than adults, and pupae do not 257 

move at all. This limits their ability to escape from unfavourable temperatures, leading to the 258 
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prediction that thermal plasticity is higher in the larval and pupal stage than later adult stages, as 259 

these immobile stages have to exhibit more thermal tolerance when they cannot move away [37]. 260 

Such stage-dependent thermal plasticity has been found in the fruit feeding butterfly Bicyclus 261 

anynana [38] and the kelp fly [34]. Considering such stage-dependent plasticity is key when 262 

comparing the thermal performance of insect populations experiencing different thermal regimes 263 

[39], yet many studies only measure plastic responses in adults. 264 

 265 

Importance of sensitive periods in insects 266 

Understanding the evolution of sensitive periods can have ramifications beyond fundamental 267 

biology, given the important role many insect species play as pollinators, pests and disease vectors.  268 

 269 

There is global concern about declining pollinator populations, which are key for human food 270 

security given our reliance on insect-pollinated crops. Sensitive periods in development play a 271 

critical role in understanding the biology and conservation of these species: honeybees are a 272 

textbook example for how components in the diet determine the developmental fate of an individual 273 

– whether as a worker or a queen ([40], references in Ref. [41]). The dire consequences of 274 

exposure to neonicotinoid pesticides can vary depending on the developmental stage of exposure, 275 

with studies in solitary bees showing that larval stages may be less susceptible than adults [42] in 276 

terms of survival. Nevertheless, larval exposure to these substances, in bumblebees, can affect 277 

adult brain morphology and reduce learning performance [43].  278 

 279 

Understanding sensitive periods also plays a role in predicting and controlling the spread of crop 280 

pests. Recent work by Tarusikirwa et al. in the tomato leaf miner Tuta absoluta, a major global pest 281 

of tomato plants, has shown that larval stages have higher thermal plasticity and tolerance than 282 

their adult counterparts, illustrating the role of key life stages in enabling the success of this species 283 

at invading new environments [44]. Similarly, thermal tolerance is higher in nymphs than adults of 284 

the English grain aphid Sitobion avenae, a major pest of wheat crops, most probably because 285 
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adults are avoiding reproduction or survival costs of thermal responses and because they can 286 

thermoregulate using behavioural means [45]. 287 

 288 

Mosquitoes are a major vector of malaria parasites, causing over 400,000 deaths per year, >90 per 289 

cent of these on the African continent [46]. Mosquito species have holometabolous development, 290 

and mosquito larvae often develop in ephemeral pools of stagnant water, during which time they 291 

acquire nutrients which determine later body size [47], avoid predation and parasites, and time their 292 

maturity in order to have long enough to develop into a large size, but not so long that they face 293 

desiccation. There are consequences of variation in the environment during these sensitive periods 294 

on mosquito ability to transmit parasites (termed ‘vector competence’) [48,49], immunity [50] and 295 

insecticide resistance [51]. Interactions between multiple stressors, including heat stress, low 296 

nutrition or exposure to insecticide, can modulate the importance of this sensitive period on adult 297 

size [47], which is linked to fecundity, or adult immunity [50], and can affect vector competence and 298 

survival. This sensitive period could be directly targeted by using larval insecticides or parasites, by 299 

introducing predator fish or by draining and fragmenting larval habitats. This may lead to the 300 

emergence of certain adult phenotypes, if they survive these larval control measures, which exhibit 301 

decreased insecticide resistance or longevity [52–55]. A better understanding of how sensitive 302 

periods shape mosquito population dynamics and adult vectorial capacity – which is a result of 303 

mosquito biting rate, longevity, immunity and vector competence – will thus facilitate the prediction 304 

of mosquito-borne disease transmission and also improve local mosquito control strategies. 305 

 306 

When considering the link between sensitive periods and public health, another disease vector of 307 

interest is the tsetse fly (Glossina species), vector of trypanosome parasites, which cause 308 

debilitating disease in humans, livestock and animals across sub-Saharan Africa. With their unusual 309 

life history, tsetse present an interesting model system for the study of sensitive periods. Tsetse 310 

females give birth to live offspring, which emerge the same size as the mother [56], thus the larva 311 

receives cues and inputs entirely through its mother. There has been considerable research into the 312 

effects of temperature at different stages of development on adult size [57,58], survival [59] and 313 
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consequences for population dynamics [60]. It remains unclear, however, whether cues or stressors 314 

during the larval stage (in utero) have a stronger effect on adult phenotype than those at later 315 

stages (pupal, or early adult) and, if so, the mechanisms and adaptive nature of these effects. The 316 

field is thus ripe for experiments exploring the relative influence of these varying stressors across 317 

development, and their consequences for fly behaviour and disease spread [61]. The sensitive 318 

period of development in utero could be exploited for tsetse control by disrupting maternal allocation 319 

either of nutrients or, powerfully, by manipulating the maternally derived symbiotic bacteria, which 320 

are essential for vitamin synthesis with consequences for fecundity, longevity and immunity [62,63]. 321 

Recent work has shown that it is possible genetically to modify these symbiotic bacteria to reduce 322 

longevity and fecundity, and inject them into late-stage larvae in utero so that they can then be 323 

transmitted vertically to offspring [64]. Whether such techniques can be scaled up to reduce tsetse 324 

populations under field settings has yet to be established but could yield an exciting prospect for 325 

controlling this important disease vector.  326 

 327 

Conclusions  328 

Theoretical models allow us to formalize questions about why sensitive periods might be favoured 329 

by natural selection, but there is still a gap between theory and empirical examples. Insects 330 

represent a powerful group of species to test theoretical models and inspire new ones, given their 331 

tractability, knowledge of developmental mechanisms and their relatively short lifespan which 332 

enables multigenerational studies. Indeed, multiple studies already exist, yet have not been linked 333 

to the sensitive period modelling work, probably because of the use of different terminology. In 334 

highlighting some of these studies, we hope to encourage further empirical studies informed by 335 

theory, and theoretical studies inspired by insect life cycle diversity and mechanistic insights. Such 336 

an interplay between theory and empirical testing is not only of fundamental interest but can be 337 

relevant to our health and well-being, for example by improving our understanding of insect vectors 338 

of disease.   339 

 340 
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