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Abstract

:

Research on social learning has centered around vertebrates, but evidence is accumulating that small-brained, non-social arthropods also learn from others. Social learning can lead to social inheritance when socially acquired behaviors are transmitted to subsequent generations. Using oviposition site selection, a critical behavior for most arthropods, as an example, we first highlight the complementarities between social and classical genetic inheritance. We then discuss the relevance of studying social learning and transmission in non-social arthropods and document known cases in the literature, including examples of social learning from con- and hetero-specifics. We further highlight under which conditions social learning can be adaptive or not. We conclude that non-social arthropods and the study of oviposition behavior offer unparalleled opportunities to unravel the importance of social learning and inheritance for animal evolution.
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1. Introduction


The emergence and spread of novel behaviors through social learning, or “learning from others”, has been documented in a wide variety of animals, mainly in social vertebrates [1,2,3,4,5]. In recent years, social learning has been demonstrated to act as the “second inheritance system”, called “social inheritance”, that functions in parallel with classical genetic inheritance in a number of social vertebrates in the wild. Social inheritance entails the perception of behaviors performed by others that are subsequently taken over (e.g., by imitation, imprinting or teaching) and spread throughout a population and subsequent generations [6,7,8,9] (see Figure 1 depicting the steps leading to social inheritance). Aside from examples in humans, remarkable evidence for cultural evolution includes the transmission of tool use in apes and song communication in birds and whales [8,10,11,12,13,14].



Social vertebrates have been at the forefront of research on social learning, but studies using small-brained and short-lived social invertebrates are increasing in number. In an exceptional experiment with Bombus terrestris bumblebees, Alem et al. [15] showed that some individuals can innovate by acquiring a non-natural, novel behavior for feeding: string pulling. Once demonstrator individuals (previously trained to pull a string to reach a sugar source) were observed by unexperienced individuals, these bees learned how to perform string pulling themselves. The authors further showed that string pulling behavior could spread from a single experienced individual (i.e., that perceived a social cue leading to a behavioral change) to other bees, even when the original demonstrator was no longer present (completing step 1 to 4 that demonstrate social inheritance as depicted in Figure 1; [15,16]). For invertebrates, most work has been done with social insects and recent findings support the idea that insects have the cognitive abilities necessary for transmission of socially learned behaviors [17,18,19,20].



In an intricate study by Danchin et al. [23], the authors use the fly D. melanogaster to show that social inheritance (producing basic traditions or culture) can arise and spread throughout subsequent generations. Female D. melanogaster made similar mate choice decisions as the female fly they observed earlier when offered a choice between males with contrasting phenotypes (colored pink or green) themselves. Transmission of color-based mate preference also occurred when younger females observed older females, meaning that the acquired preference could spread to a potential future generation as a tradition (i.e., step 4 in Figure 1). The authors further showed that long-term memory was involved, that mate preferences can be transferred repeatedly over time, and that conformism was involved (i.e., taking over the most common behavior), leading to a stable, cultural, mate choice preference in the population. This study provides a rare example of social inheritance in non-social insects (but see [24] that consider D. melanogaster as moderately social; and [22,25,26] provide evidence for transmission of socially learned behaviors, step 3 in Figure 1). While the potential fitness advantages of mate-copying are clear [27,28], pink and green males do not occur in nature, meaning that there is no ecological relevance and adaptive value of the artificial cue used in this study [29].



Social inheritance may play an important role in the evolution of non-social arthropods. In this perspective, we discuss relevant examples of social learning in the context of oviposition and related behaviors to illustrate the taxonomic diversity of observations in non-social arthropods. We also highlight why studying non-social arthropods is both relevant and timely. While learning of foraging, mating, host finding and other behaviors have been discussed elsewhere [30,31,32,33,34], here we focus on the social transmission of oviposition site selection. Oviposition site selection is a behavioral trait of key ecological significance for the relationship between organisms and their habitat, as the decision on where to lay eggs can have massive consequences for fitness and demography ([35] and references therein). This is particularly true for herbivorous arthropods with limited mobility as juveniles, because the egg-laying site is often also the offspring’s food source. Oviposition is a critical behavior with which colonization of new suitable habitats is initiated [35]. We start our perspective by illustrating the complementarities between genetic and social heredity using the hypothetical example of oviposition site selection. Next, we show that social learning related to oviposition is reported by an increasing number of studies (Table 1), adding to the ample evidence for non-social learning (i.e., learning solely from previous experience, or “autonomous” learning) for oviposition in wasps, flies, moths and butterflies (e.g., [36,37,38,39,40,41,42,43,44]). We then extend our discussion to cases where social learning of oviposition-related behaviors occurs not only from interactions between con-specifics, but also from hetero-specifics. Finally, we are paying particular attention to the evidence for, and quantification of, the adaptive value of social learning using existing empirical evidence for fitness effects.




2. Genetics, Epigenetics and Social Inheritance in the Context of Oviposition Site Selection


There are two non-mutually exclusive mechanisms by which socially learned behaviors can be transmitted to successive generations in a population. In his review, Whiten [7] puts forth the parallels between genetic and social inheritance, where the former encompasses genetic changes that spread throughout populations, and the latter pertains to the spread of socially learned behaviors over generations [8]. Genetic or epigenetic inheritance is based on DNA, RNA or protein materials present in the parental germ cells that are passed to the offspring when zygotes are formed. Social learning is transmitted independently from the germ line material through perception and acquisition of behaviors between individuals belonging to successive, yet overlapping generations. Genetic and social inheritance can thus function alone or interact and act simultaneously ([45,46,47,48]; see Figure 2 using oviposition site selection as an example).



There is evidence that most behaviors and behavioral variation between individuals have some genetic basis [49,50,51,52,53]. For example, several candidate loci were identified and associated with phenotypic variation for memorizing locations in the fly Drosophila melanogaster [54]. The identification of candidate loci paves the way for finding the genetic basis of complex behavioral traits, including spatial exploration ability and memory retention of spatial location (e.g., of suitable resources, including host plants for oviposition). Genetic variants with higher learning capacity and memory retention may thus become more numerous in successive generations, when there is positive selection for oviposition site selection (Figure 2). There is further evidence that learning ability itself has a genetic basis and that there is genetic variation in learning ability between individuals in various invertebrate, non-social taxa (reviewed in [54,55,56,57,58]). One gene whose allelic variation and expression is associated with differential learning rate and memory retention is the foraging gene (“for”), a pleiotropic gene that produces a cyclic GMP-dependent protein kinase (PKG), a protein involved in many regulatory functions, including energy homeostasis [59,60,61,62]. Although the exact function of for in learning (and social learning) remains to be understood [63], the existence of genetic variation for learning ability suggests that genetically “better” learners can proportionally increase in subsequent generations, for example if social learning of oviposition site selection from con-specifics is locally adaptive.



Behaviors can also be transmitted epigenetically from parents to offspring, as was found for multiple behaviors and species [64,65,66]. For example, mice exposed to a neutral fruity odor while receiving a mild electric shock adopt a startle behavior later in life while only experiencing the odor, a behavior that is subsequently passed on to their children and grandchildren when sensing the odor without ever experiencing the shock [67,68]. These results pointed to the fixation of epigenetic variation affecting the expression of olfactory genes [67,69,70,71]. There is, to the best of our knowledge, no evidence yet for epigenetic transmission of spatial localization and memory of suitable resources, as depicted in our example of Figure 2, nor for other behaviors typically related to oviposition site selection in arthropods, such as transmission of preference for novel specific host plant species across generations [68,72]. It will be important to tease apart the contribution of the genome, epigenome, and social inheritance (described below), to understand how insects track and potentially adapt to rarefying suitable habitats through oviposition site selection behavior [73].



The second main inheritance mechanism, social inheritance, is based on social learning of behaviors between interacting individuals, such that learned behaviors can also be propagated without a genetic or epigenetic material basis across generations (Figure 1 and Figure 2). Social inheritance has so far mainly been observed in social vertebrates and more recently in social insects (e.g., [15]) and non-social insects (e.g., Drosophila; [23]). Social learning can increase local adaptation of individuals relying on socially acquired information by increasing their chance of finding a resource, or reducing the time or energetic cost these individuals need for finding and remembering the location of a resource, such as host plants for oviposition in a new suitable habitat (i.e., oviposition site selection; Figure 2A,B). Social learners may thus have overall quicker and/or more access to suitable resources for survival and reproduction compared to conspecifics that are not using or remembering social information. This, in turn, may lead to increased reliance on social information across generations (Figure 2C), whether socially acquired traits are transmitted over longer evolutionary times and multiple generations by culture or not.



Learning the location of a suitable plant for oviposition from a skilled con-specific may represent an important evolutionary advantage compared to non-social learning of host plant location. This is because non-social learners can be in a coevolutionary arms race (i.e., Red Queen dynamics) with their host plants, given that plants are under strong selection to avoid larval feeding using elusive traits for herbivorous arthropods (e.g., a similar shape and color as non-host plants, and distinct morphologies such as “butterfly egg mimicry” or apostatic selection) [35,74,75]. Social learners can thus avoid having to “reinvent the wheel” when it comes to finding suitable host plants by following, copying or imitating others. Two key aspects of social inheritance now need to be examined and tested both in the laboratory and in the field. First, it will be important to quantify to what extent social inheritance occurs throughout the diversity of evolving life, compared to genetic inheritance (all living species have DNA or RNA and cell division), including in non-social animals. Second, quantifying the adaptive value of social learning is of central importance (as depicted in steps A and B of Figure 2), whether socially acquired traits are transmitted over longer evolutionary times, or not.




3. Relevance of Social Inheritance in Non-Social Arthropods


Socially acquired behaviors cause social inheritance only if they are transmitted over multiple generations. It is now timely to examine the extent of the transmission of socially acquired behaviors as a second inheritance system in nature (step 4 in Figure 1, Figure 2C). Small-brained, non-social invertebrates are particularly relevant to study, because they make up at least half of the species diversity on Earth [76,77]. The transmission of socially acquired behaviors across generations requires that individuals of different life stages or age groups live in contact with each other (Figure 1) [78]. For social inheritance to occur, generations must therefore be overlapping. This is indeed the case for eusocial species (i.e., with a clear reproductive division) that have overlapping generations by definition, but many non-social insects also have overlapping generations [78]. Furthermore, several insect taxa have a social population structure allowing the transmission of socially acquired behaviors over generations, through maternal, paternal and biparental care [79,80,81]. Maternal and biparental care takes the form of egg and/or offspring guarding, defense, nidification, and/or feeding facilitation or progressive provisioning and underpins the single most widespread form of sociality found in “non-eusocial” insects. These behaviors have been reported for >40 insect families belonging to 12 orders, as well as several non-insect arthropod groups, such as spiders, scorpions, opiliones, mites, chilopodes, and amphipod crustaceans [79]. Moreover, in a diverse array of mainly hemimetabolous arthropods, including treehoppers, true bugs, thrips, cockroaches and social spiders [82], mixed supercolonies of adults and immatures are found. While historically social inheritance has not actively been looked for in most insect taxa to date, the social structure of many insect species provides opportunities for transmission and inheritance of socially acquired behaviors far beyond the few documented cases in well-known, emblematic, social insects.




4. Social Learning of Oviposition-Related Behavior from Con- and Hetero-Specifics


Research on social learning in non-social organisms is becoming a burgeoning field and progressively more evidence is being put forward. We focus on evidence for social learning involved in oviposition behavior (Table 1; but see [30,31,32,33] for social learning of foraging, mating, and other behaviors). The first step to show evidence of social learning is that a behavior is modified in response to the perception of a social cue (step 1 in Figure 1). As a large number of studies document the existence of step 1 in various non-social arthropods, we did not include these studies in Table 1 (e.g., [35,83,84,85,86,87,88,89,90,91,92,93]). Historically, most studies on oviposition-related behaviors have focused on parasitoid wasps (Hymenoptera) as model systems, where oviposition takes place in or on the body of another arthropod [94]. These studies were reviewed elsewhere [34] and we only cite a few representative case studies in Table 1. Many wasps use previous experiences with a hetero-specific (i.e., the host) during development or as adults as a social cue leading to a marked change in oviposition behavior compared to naive individuals (Table 1). Table 1 summarizes the evidence of 11 key studies focusing on social learning across 4 taxonomic orders within Arthropoda: the insect orders Hymenoptera (wasps), Diptera (flies), and Coleoptera (beetles) and the arachnid order Trombidiformes (mites). We thus see that modification of oviposition in response to earlier experience of social cues occurs in diverse arthropod orders and we expect many other non-social arthropods to use social learning, with a potential for social transmission and inheritance.



Evidence for social learning of oviposition-related behaviors from con-specifics has been particularly well-documented in Drosophila flies (Table 1), where a typical experiment entails comparing fruit substrate preference for oviposition of flies with or without an occasion to observe “trained” congeners displaying a strong preference for a specific oviposition substrate. Training to develop a preference for a specific oviposition substrate (i.e., strawberry) is obtained by associating another substrate (i.e., banana) to an oviposition deterrent, such as quinine. Flies then develop a preference for another, simultaneously available, substrate (i.e., strawberry). Adult female flies further learn to interpret and use a wide variety of cues from con-specifics at different life stages when choosing an oviposition site. Visual cues, such as the presence of con-specific eggs and/or larvae on oviposition substrates, interactions with more experienced female demonstrators, as well olfactory cues produced by con-specifics have been shown to positively influence female oviposition decisions after the original cue has been removed. This suggests that the benefits of con-specific attraction in oviposition site selection may outweigh the costs of competition in the wild [85,86]. In the context of research on social learning in Drosophila, the large knowledge-base on cues used for oviposition site selection, as well as the documented evidence for social learning (Table 1), make it an excellent model for testing whether social learning of oviposition sites can be inherited socially.



Acquiring social information from other species can be an efficient way to increase fitness. This is particularly true for non-social insects with limited access to information from con-specifics (such as for early dispersers, insects with small population sizes, and/or species with low con-specific encounter rates. Such species can use information from other species sharing aspects of their ecological niche to make nest choice decisions [95]. An interesting example of hetero-specific social learning can be found in the parasitic wasp Trichogramma evanescens [96]. Like its congener T. brassicae, this wasp uses the pheromones of its adult host, the butterfly Pieris brassicae to identify mated females that will subsequently lay eggs suitable for parasitism by the wasp. By using this information, the wasp will hitch-hike along for the ride to a new oviposition opportunity (i.e., the egg laying site of P. brassicae), but unlike T. brassicae, T. evanescens needs to learn through an oviposition experience that both host pheromones (to identify adult hosts) and hitch-hiking (towards host eggs) lead to a suitable oviposition site [96]. Several solitary bee species provide another example of social learning from hetero-specifics [95]. The cavity-nesting mason bees Osmia caerulescens and O. leaiana examine the nests of another congener, O. bicornis, for evidence of brood cell parasites. Though associative learning of nest site quality of congeners (using geometric symbols), O. caerulescens and O. leaiana preferred to start their own nest at sites associated with healthy nests of O. bicornis and rejected sites associated with brood cell parasites. This study is exceptional, because observations and experiments were conducted in the field using wild bees, although the possibility that nest selection behavior is innate and not due to social learning could not be ruled out completely [95].
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Table 1. List of studies on non-social arthropods where social cue perception, social learning, and transmission of socially learned oviposition-related behaviors was quantified. Only studies that document social learning are included (i.e., from step 2 of Figure 1 onwards), as there is a large body of literature covering cue perception (i.e., step 1 of Figure 1). The table includes the species, the order (Diptera = D, Hymenoptera = H, C = Coleoptera, Trombidiformes = T), the type of social cue and the behavior under study, con- (c) or hetero- (h) specific social learning, the steps towards social inheritance (as in Figure 1) and if effects on fitness were quantified in the study. Studies concerned with foraging, mating, host finding and other behaviors, including in non-insect invertebrates, have been discussed elsewhere [30,31,32,33,34].
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	Species
	Order
	Social Cue
	Behavior
	Learning from con- (c) or Hetero- (h) Specifics
	Step Towards Social Inheritance
	Fitness Tested
	Reference





	D. melanogaster
	D
	Experienced females with preferred oviposition site
	Site selection
	c
	1, 2, 3
	y
	[25]



	D. melanogaster
	D
	Parasitoid presence (i.e., threat to offspring survival)
	Clutch size
	c
	1, 2
	y
	[21]



	Drosophila spp.
	D
	Parasitoid presence (i.e., threat to offspring survival)
	Clutch size
	c + h
	1, 2, 3
	y
	[22]



	D. melanogaster
	D
	Mated females
	Site selection
	c
	1, 2
	y
	[97]



	Leptopilina boulardi
	H
	Host insect
	Site selection
	h
	1, 2
	n
	[98]



	Necremnus tutae
	H
	Host insect and plant species
	Host species preference
	h
	1, 2
	n
	[99]



	Osmia sp.*
	H
	Nest site parasitism
	Site selection
	h
	1, 2
	n
	[95]



	Trichogramma evanescens
	H
	Host adult and eggs
	Phoresy to oviposition substrate
	h
	1, 2
	n
	[96]



	Anisopteromalus calandrae
	H
	Host insect
	Host preference + host-finding + parasitism rates
	h
	1, 2
	y
	[100]



	Phratora vulgatissima
	C
	Adult females
	Distance between clutches
	c
	1, 2
	y
	[101]



	Tetranychus urticae, T. kanzawai
	T
	Predator
	Site selection (leaf surface vs web)
	h
	1, 2
	n
	[102]







* Tested under field conditions.











The value of social information from hetero-specifics has also been studied in Drosophila. Particularly noteworthy is the flow of social information in the genus Drosophila related to the presence of a parasitoid observed by Kacsoh and co-authors [22]. The divergence in social cues that evolved between different species led to the formation of species-specific communication patterns (referred to as “dialects”). The magnitude of divergence in species-specific communication patterns was found to be correlated with the phylogenetic distance between species. Kacsoh et al. [22] exploited this system to test whether the degree of hetero-specific social information transfer between Drosophila species was related to their relative phylogenetic distance, hypothesizing that phylogenetically close species are more successful in sharing social information. Similar to earlier experiments by Kacsoh et al. [21] (Figure 1), Drosophila females were presented with visual cues of parasitic wasps that led to a reduction in the number of eggs laid. When the experienced fly belonged to a different species, Kacsoh et al. [22] observed the same decrease in number of eggs laid. While closely related Drosophila species were able to efficiently communicate information about the presence of the parasitoid, species that were phylogenetically more distant had limited to no communication abilities. Interestingly, multi-species communities enhanced inter-specific communication, allowing Drosophila to learn multiple dialects. This indicates a degree of plasticity in learning abilities that could be adaptive in nature when Drosophila species occur in sympatry [22]. This study represents a rare empirical test for socially learned behaviors can be transmitted to others in non-social invertebrates (i.e., up to step 3 in Figure 1).



Evidence for social learning has been based on at least three experimental setups: some studies compare the behavior of individuals before (test a), during (test b) and after (test c) experiencing the social cue. Evidence for social learning becomes apparent when the behaviors observed in tests b and c are similar, but different from the behavior displayed in test a. Another, better design, takes ageing (and its potential confounding effect) into account by comparing groups of naive individuals with experienced individuals (that had an earlier experience with the social cue) of similar age. The behaviors of the naive and experienced groups should differ in the absence of the social cue to show evidence of social learning in the experienced group. A third setup consists of associating a social cue to another cue (that does not need to be social, i.e., color, symbols etc.), and comparing the behavior of a group of naive individuals with a group that experienced the social and the associated cue, in the presence of only the associated cue. Evidence for social learning is then based on a significant difference in behavior between the two groups in the presence of the associated (but not the social) cue, for the experienced group. These experimental set-ups, when carefully designed, allow to discriminate beyond any doubt socially learned behaviors from behaviors that are innate or learned as consequence of interactions with abiotic cues. As such, they provide excellent opportunities to study social learning, transmission, and inheritance of oviposition-related (and other) behaviors in a wide range of non-social arthropods. In light of the accumulating evidence for widespread social learning, these experimental designs can greatly contribute to our understanding of the role of social learning in evolution.



Evidence for hetero-specific social learning has also been found for behaviors other than oviposition. Social learning in non-social arthropods was first reported in a cricket, Nemobius sylvestris, that changed its predator avoidance behavior based on observations, and memory of such observations, of either predator presence (spiders) or of congener crickets that had already experienced the presence of spiders [26]. Hetero-specific social information can thus also be transmitted from experienced to naive crickets [26], which can decrease predation risk. Hetero-specific social information was also found to increase the efficiency of locating food sources [103,104,105,106]. Although social information from hetero-specifics is ubiquitous, it can be challenging to decode, for example because the cue may have had a different original meaning or purpose than what is interpreted by the receiving species [107,108,109,110].




5. The Adaptive Value of Social Learning


Social learning is an important mechanism in evolution even when transmission of socially acquired behaviors is limited to a few generations within a season, such that social inheritance will not be maintained over long evolutionary times (step 4 in Figure 1). Indeed, we suggest that building expertise during a lifetime by social experiences can increase the adaptation rate of populations that are using and memorizing social information, for example for the spatial location of essential resources, even if every adult individual dies at the end of the reproductive season. This is, for example, because social information allows individuals to avoid unfavorable oviposition sites, to reach an oviposition site earlier or at lower exploratory costs, compared to individuals that explore and spatially navigate without this information. In this regard, most current evidence for social learning, including in non-social insects, concerns behaviors such as foraging and host location, which are based on resources that vary rapidly in space and time notably due to seasonal changes. Related social information is thus of ephemeral relevance as well and it needs to be updated constantly, suppressing the emergence of any form of longer-term social inheritance. Rupture of socially transmitted behaviors can also take place because most representatives of insect populations die seasonally, for example during winter in temperate regions. In the latter case, social information about resources can be acquired and exchanged socially de novo at the beginning of the new reproductive season each year, starting from newly emerged naive individuals in spring that learn about resource distribution in their surrounding environment.



The adaptive value of learned behaviors is documented in some vertebrates [4,5], but experimental evidence for the adaptive value of socially learned behaviors in ecologically relevant conditions currently remains unquantified for the vast majority of living taxa [17,111], including non-social insects [112]. Social learning can increase the fitness of individuals and as such be under positive selection in rapidly changing environments. Yet, this is not necessarily the case as negative effects on fitness were documented from partially or incorrectly interpreted social cues that caused increased energy expenditure in basic tasks, such as foraging [108]. The costs associated with social learning, including energetic costs and time constraints, and the environmental parameters under which social learning becomes adaptive, have been explored both experimentally [113] and through modeling work [114,115]. These studies have revealed that social learning is not necessarily adaptive under all conditions and that learning can lead to evolutionary traps under rapidly changing environmental conditions [116].



A study with D. melanogaster convincingly suggested that social learning has adaptive value also in the context of oviposition-related behaviors in non-social insects [21]. Here, the authors exposed ovipositing D. melanogaster females to a parasitoid wasp that lays eggs inside D. melanogaster larvae, which are subsequently consumed from the inside out by the developing parasitoid. Having been faced with a serious threat to the survival of their offspring [117], female D. melanogaster reduced the number of eggs laid in the next clutch [118]. When a parasitoid-experienced fly was then observed by a naive female fly, the latter also reduced her clutch size, even though the original social cue, the wasp, was no longer present [21]. Within an ecological context, reducing egg numbers in the face of an immediate threat to offspring survival can have a clear adaptive value, also under natural conditions. Indeed the wasp species used in this study actively searches for host patches in the environment [119,120], where mating, oviposition or feeding Drosophila larvae generate perceivable olfactory cues for the wasp [121]. It remains to be tested whether social learning in D. melanogaster females can be transmitted from one generation to the next (as was found in [23]).




6. Conclusions


Perception of social cues, social learning and transmission are the stepping stones towards social inheritance. While perception of social cues is now well known to induce behavioral changes in multiple arthropods (e.g., [35,83,84,85,86,87,88,89,90,91,92,93]), we need to increase our understanding of social learning in non-social arthropods and determine its prevalence, both in the laboratory and in the field. Due to its inherent link to fitness, oviposition site selection offers unparalleled opportunities to study social learning and transmission, also in systems other than Drosophila. The increasing number of studies on social learning in non-social arthropods (see Table 1) offer promising possibilities for empirical tests of social transmission and inheritance.







Author Contributions


Conceptualization, C.M.N. and B.V.; writing—original draft preparation, C.M.N., M.M., R.V., T.E., B.V.; writing—review and editing, C.M.N., M.M., R.V., T.E., B.V.; visualization, C.M.N., R.V., T.E.; supervision, C.M.N.; project administration, C.M.N.; funding acquisition, C.M.N., T.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by UCLouvain, the Fédération Wallonie-Bruxelles, and by the Fonds National de Recherche Scientifique (F.R.S.-FNRS). R.V. was supported by the F.R.S.-FNRS grant number T.0169.21 of C.M.N.; M.M. was supported by the “Action de Recherche concertée” grant number 17/22-086 of C.M.N. TE. was funded by the Fyssen foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Whiten, A.; Caldwell, C.A.; Mesoudi, A. Cultural diffusion in humans and other animals. Curr. Opin. Psychol. 2016, 8, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, J.; Hinde, R. Opening of milk bottles by birds. Br. Birds 1950, 42, 347–357. [Google Scholar] [CrossRef]

	



Heyes, C.M.; Street, G. Social learning in animals: Categories and mechanisms. Biol. Rev. 1994, 69, 207–231. [Google Scholar] [CrossRef] [PubMed]

	



Morand-Ferron, J. Why learn? The adaptive value of associative learning in wild populations. Curr. Opin. Behav. Sci. 2017, 16, 73–79. [Google Scholar] [CrossRef]

	



Morand-Ferron, J.; Cole, E.F.; Quinn, J.L. Studying the evolutionary ecology of cognition in the wild: A review of practical and conceptual challenges. Biol. Rev. 2016, 91, 367–389. [Google Scholar] [CrossRef]

	



Baldwin, J. A new factor in evolution. Am. Nat. 1896, 30, 441–451. [Google Scholar] [CrossRef]

	



Whiten, A. A second inheritance system: The extension of biology through culture. Interface Focus 2017, 7, 20160142. [Google Scholar] [CrossRef]

	



Whiten, A. Culture extends the scope of evolutionary biology in the great apes. Proc. Natl. Acad. Sci. USA 2017, 114, 7790–7797. [Google Scholar] [CrossRef]

	



Hoppitt, W.; Laland, K. Social Learning: An Introduction to Mechanisms, Methods, and Models; Princeton University Press: Princeton, NJ, USA, 2013. [Google Scholar]

	



Slater, P.J.B. The cultural transmission of bird song. Trends Ecol. Evol. 1986, 1, 94–97. [Google Scholar] [CrossRef]

	



Deecke, V.B.; Ford, J.K.B.; Spong, P. Dialect change in resident killer whales: Implications for vocal learning and cultural transmission. Anim. Behav. 2000, 60, 629–638. [Google Scholar] [CrossRef]

	



Garland, E.C.; Goldizen, A.W.; Rekdahl, M.L.; Constantine, R.; Garrigue, C.; Hauser, N.D.; Poole, M.M.; Robbins, J.; Noad, M.J. Dynamic horizontal cultural transmission of humpback whale song at the ocean basin scale. Curr. Biol. 2011, 21, 687–691. [Google Scholar] [CrossRef]

	



Cantor, M.; Whitehead, H. The interplay between social networks and culture: Theoretically and among whales and dolphins. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368, 20120340. [Google Scholar] [CrossRef]

	



Lamon, N.; Neumann, C.; Gruber, T.; Zuberbühler, K. Kin-based cultural transmission of tool use in wild chimpanzees. Sci. Adv. 2017, 3, 1–10. [Google Scholar] [CrossRef]

	



Alem, S.; Perry, C.J.; Zhu, X.; Loukola, O.J.; Ingraham, T.; Søvik, E.; Chittka, L. Associative Mechanisms Allow for Social Learning and Cultural Transmission of String Pulling in an Insect. PLoS Biol. 2016, 14, e1002564. [Google Scholar] [CrossRef]

	



Nieberding, C.M.; van Alphen, J.J. Culture in bumblebees. Peer Community Evol. Biol. 2017, 2–4. [Google Scholar] [CrossRef]

	



Grüter, C.; Leadbeater, E. Insights from insects about adaptive social information use. Trends Ecol. Evol. 2014, 29, 177–184. [Google Scholar] [CrossRef]

	



Avarguès-Weber, A.; Lihoreau, M.; Isabel, G.; Giurfa, M. Information transfer beyond the waggle dance: Observational learning in bees and flies. Front. Ecol. Evol. 2015, 3, 1–7. [Google Scholar] [CrossRef]

	



Worden, B.D.; Papaj, D.R. Flower choice copying in bumblebees. Biol. Lett. 2005, 1, 504–507. [Google Scholar] [CrossRef]

	



Jones, P.L.; Agrawal, A.A. Learning in Insect Pollinators and Herbivores. Annu. Rev. Entomol. 2017, 62, 53–71. [Google Scholar] [CrossRef]

	



Kacsoh, B.Z.; Bozler, J.; Ramaswami, M.; Bosco, G. Social communication of predator-induced changes in Drosophila behavior and germline physiology. Elife 2015, 4, 1–36. [Google Scholar] [CrossRef]

	



Kacsoh, B.; Bozler, J.; Bosco, G. Drosophila species learn dialects through communal living. PLoS Genet. 2018, 14, e1007430. [Google Scholar] [CrossRef] [PubMed]

	



Danchin, É.; Nobel, S.; Pocheville, A.; Dagaeff, A.-C.; Demay, L.; Alphand, M.; Ranty-Roby, S.; van Renssen, L.; Monier, M.; Gazagne, E.; et al. Cultural flies: Conformist social learning in fruitflies predicts long-lasting mate-choice traditions. Science 2019, 366, 1–7. [Google Scholar] [CrossRef]

	



Durisko, Z.; Dukas, R. Attraction to and learning from social cues in fruitfly larvae. Proc. R. Soc. B Biol. Sci. 2013, 280, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Battesti, M.; Moreno, C.; Joly, D.; Mery, F. Spread of social information and dynamics of social transmission within Drosophila groups. Curr. Biol. 2012, 22, 309–313. [Google Scholar] [CrossRef]

	



Coolen, I.; Dangles, O.; Casas, J. Social learning in noncolonial insects? Curr. Biol. 2005, 15, 1931–1935. [Google Scholar] [CrossRef]

	



Davies, A.D.; Lewis, Z.; Dougherty, L.R. A meta-analysis of factors influencing the strength of mate-choice copying in animals. Behav. Ecol. 2020, 31, 1279–1290. [Google Scholar] [CrossRef]

	



Mery, F.; Varela, S.A.M.; Danchin, É.; Blanchet, S.; Parejo, D.; Coolen, I.; Wagner, R.H. Public versus personal information for mate copying in an invertebrate. Curr. Biol. 2009, 19, 730–734. [Google Scholar] [CrossRef]

	



Belkina, E.G.; Shiglik, A.; Sopilko, N.G.; Lysenkov, S.N.; Markov, A.V. Mate choice copying in Drosophila is probably less robust than previously suggested. Anim. Behav. 2021, 176, 175–183. [Google Scholar] [CrossRef]

	



Dion, E.; Monteiro, A.; Nieberding, C.M. The role of learning on insect and spider sexual behaviors, sexual trait evolution, and speciation. Front. Ecol. Evol. 2019, 6, 225. [Google Scholar] [CrossRef]

	



Dukas, R. Evolutionary biology of insect learning. Annu. Rev. Entomol. 2008, 53, 145–160. [Google Scholar] [CrossRef]

	



Wright, G.A.; Schiestl, F.P. The evolution of floral scent: The influence of olfactory learning by insect pollinators on the honest signalling of floral rewards. Funct. Ecol. 2009, 23, 841–851. [Google Scholar] [CrossRef]

	



Webster, S.J.; Fiorito, G. Socially guided behaviour in non-insect invertebrates. Anim. Cogn. 2001, 4, 69–79. [Google Scholar] [CrossRef]

	



Hoedjes, K.M.; Kruidhof, H.M.; Huigens, M.E.; Dicke, M.; Vet, L.E.M.; Smid, H.M. Natural variation in learning rate and memory dynamics in parasitoid wasps: Opportunities for converging ecology and neuroscience. Proc. R. Soc. B Biol. Sci. 2011, 278, 889–897. [Google Scholar] [CrossRef]

	



Jones, P.L.; Agrawal, A.A. Beyond preference and performance: Host plant selection by monarch butterflies, Danaus plexippus. Oikos 2019, 128, 1092–1102. [Google Scholar] [CrossRef]

	



Traynier, R.M.M. Associative learning in the ovipositional behaviour of the cabbage butterfly, Pieris rapae. Physiol. Entomol. 1984, 9, 465–472. [Google Scholar] [CrossRef]

	



Papaj, D.R. Interpopulation differences in host preference and the evolution of learning in the butterfly, Battus philenor. Evolution 1986, 40, 518–530. [Google Scholar] [CrossRef]

	



Traynier, R.M.M. Visual learning in assays of sinigrin solution as an oviposition releaser for the cabbage butterfly, Pieris rapae. Entomol. Exp. Appl. 1986, 40, 25–33. [Google Scholar] [CrossRef]

	



Visser, M.E.; van Alphen, J.J.; Hemerik, L. Adaptive superparasitism and patch time allocation in solitary parasitoids: An ESS model. J. Anim. Ecol. 1992, 61, 93–101. [Google Scholar] [CrossRef]

	



Vet, L.E.M.; De Jong, A.G.; Franchi, E.; Papaj, D.R. The effect of complete versus incomplete information on odour discrimination in a parasitic wasp. Anim. Behav. 1998, 55, 1271–1279. [Google Scholar] [CrossRef]

	



Mery, F.; Kawecki, T.J. Experimental evolution of learning ability in fruit flies. Proc. Natl. Acad. Sci. USA 2002, 99, 14274–14279. [Google Scholar] [CrossRef]

	



Liu, S.S.; Li, Y.H.; Liu, Y.Q.; Zalucki, M.P. Experience-induced preference for oviposition repellents derived from a non-host plant by a specialist herbivore. Ecol. Lett. 2005, 8, 722–729. [Google Scholar] [CrossRef]

	



Braem, S.; Turlure, C.; Nieberding, C.; van Dyck, H. Oviposition site selection and learning in a butterfly under niche expansion: An experimental test. Anim. Behav. (In press). 2021. [Google Scholar] [CrossRef]

	



Kawecki, T.J. Evolutionary ecology of learning: Insights from fruit flies. Popul. Ecol. 2010, 52, 15–25. [Google Scholar] [CrossRef]

	



Feldman, M.W.; Laland, K.N. Gene-culture coevolutionary theory. Trends Ecol. Evol. 1996, 11, 453–457. [Google Scholar] [CrossRef]

	



Danchin, É.; Wagner, R.H. Inclusive heritability: Combining genetic and non-genetic information to study animal behavior and culture. Oikos 2010, 119, 210–218. [Google Scholar] [CrossRef]

	



Mesoudi, A.; Chang, L.; Dall, S.R.X.; Thornton, A. The evolution of individual and cultural variation in social learning. Trends Ecol. Evol. 2016, 31, 215–225. [Google Scholar] [CrossRef]

	



Danchin, E.; Pocheville, A.; Rey, O.; Pujol, B.; Blanchet, S. Epigenetically facilitated mutational assimilation: Epigenetics as a hub within the inclusive evolutionary synthesis. Biol. Rev. 2019, 94, 259–282. [Google Scholar] [CrossRef]

	



Fitzpatrick, M.J.; Ben-Shahar, Y.; Smid, H.M.; Vet, L.E.M.; Robinson, G.E.; Sokolowski, M.B. Candidate genes for behavioural ecology. Trends Ecol. Evol. 2005, 20, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Reaume, C.J.; Sokolowski, M.B. Conservation of gene function in behaviour. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 2100–2110. [Google Scholar] [CrossRef] [PubMed]

	



Bengston, S.E.; Dahan, R.A.; Donaldson, Z.; Phelps, S.M.; Van Oers, K.; Sih, A.; Bell, A.M. Genomic tools for behavioural ecologists to understand repeatable individual differences in behaviour. Nat. Ecol. Evol. 2018, 2, 944–955. [Google Scholar] [CrossRef] [PubMed]

	



Henriksen, R.; Höglund, A.; Fogelholm, J.; Abbey-Lee, R.; Johnsson, M.; Dingemanse, N.J.; Wright, D. Intra-individual behavioural variability: A trait under genetic control. Int. J. Mol. Sci. 2020, 21, 8069. [Google Scholar] [CrossRef]

	



Bubac, C.M.; Miller, J.M.; Coltman, D.W. The genetic basis of animal behavioural diversity in natural populations. Mol. Ecol. 2020, 29, 1957–1971. [Google Scholar] [CrossRef]

	



Williams-Simon, P.A.; Posey, C.; Mitchell, S.; Ng’oma, E.; Mrkvicka, J.A.; Zars, T.; King, E.G. Multiple genetic loci affect place learning and memory performance in Drosophila melanogaster. Genes Brain Behav. 2019, 18, 1–16. [Google Scholar] [CrossRef]

	



Mery, F. Natural variation in learning and memory. Curr. Opin. Neurobiol. 2013, 23, 52–56. [Google Scholar] [CrossRef]

	



Hughes, E.; Shymansky, T.; Swinton, E.; Lukowiak, K.S.; Swinton, C.; Sunada, H.; Protheroe, A.; Phillips, I.; Lukowiak, K. Strain-specific differences of the effects of stress on memory in Lymnaea. J. Exp. Biol. 2017, 220, 891–899. [Google Scholar] [CrossRef]

	



Giunti, G.; Canale, A.; Messing, R.H.; Donati, E.; Stefanini, C.; Michaud, J.P.; Benelli, G. Parasitoid learning: Current knowledge and implications for biological control. Biol. Control 2015, 90, 208–219. [Google Scholar] [CrossRef]

	



Liefting, M.; Verwoerd, L.; Dekker, M.L.; Hoedjes, K.M.; Ellers, J. Strain differences rather than species differences contribute to variation in associative learning ability in Nasonia. Anim. Behav. 2020, 168, 25–31. [Google Scholar] [CrossRef]

	



Osborne, K.A.; Robichon, A.; Burgess, E.; Butland, S.; Shaw, R.A.; Coulthard, A.; Pereira, H.S.; Greenspan, R.J.; Sokolowski, M.B. Natural behavior polymorphism due to a cGMP-dependent protein kinase of Drosophila. Science 1997, 277, 834–836. [Google Scholar] [CrossRef]

	



Sokolowski, M.B. Drosophila: Genetics meets behaviour. Nat. Rev. Genet. 2001, 2, 879–890. [Google Scholar] [CrossRef]

	



Wahlberg, N.; Wheat, C.W.; Peña, C. Timing and patterns in the taxonomic diversification of Lepidoptera (butterflies and moths). PLoS ONE 2013, 8, e80875. [Google Scholar] [CrossRef]

	



Wheat, C.W. Dispersal genetics: Emerging insights from fruitflies, butterflies, and beyond. In Dispersal Ecology and Evolution; Clobert, J., Baguette, M., Benton, T., Bullock, J., Eds.; Oxford University Press: Oxford, UK, 2012; p. 498. [Google Scholar]

	



Fitzpatrick, M.J.; Sokolowski, M.B. In search of food: Exploring the evolutionary link between cGMP-dependent protein kinase (PKG) and behaviour. Integr. Comp. Biol. 2004, 44, 28–36. [Google Scholar] [CrossRef] [PubMed]

	



Gapp, K.; Jawaid, A.; Sarkies, P.; Bohacek, J.; Pelczar, P.; Prados, J.; Farinelli, L.; Miska, E.; Mansuy, I.M. Implication of sperm RNAs in transgenerational inheritance of the effects of early trauma in mice. Nat. Neurosci. 2014, 17, 667–669. [Google Scholar] [CrossRef] [PubMed]

	



Charlesworth, A.G.; Seroussi, U.; Claycomb, J.M. Next-Gen Learning: The C. elegans Approach. Cell 2019, 177, 1674–1676. [Google Scholar] [CrossRef] [PubMed]

	



Ledón-Rettig, C.C.; Richards, C.L.; Martin, L.B. Epigenetics for behavioral ecologists. Behav. Ecol. 2013, 24, 311–324. [Google Scholar] [CrossRef]

	



Dias, B.G.; Ressler, K.J. Parental olfactory experience influences behavior and neural structure in subsequent generations. Nat. Neurosci. 2014, 17, 89–96. [Google Scholar] [CrossRef]

	



Gowri, V.; Dion, E.; Viswanath, A.; Piel, F.M.; Monteiro, A. Transgenerational inheritance of learned preferences for novel host plant odors in Bicyclus anynana butterflies. Evolution 2019, 73, 2401–2414. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lu, H.; Bargmann, C.I. Pathogenic bacteria induce aversive olfactory learning in Caenorhabditis elegans. Nature 2005, 438, 179–184. [Google Scholar] [CrossRef]

	



Moore, R.S.; Kaletsky, R.; Murphy, C.T. Piwi/PRG-1 Argonaute and TGF-β mediate transgenerational learned pathogenic avoidance. Cell 2019, 177, 1827–1841.e12. [Google Scholar] [CrossRef]

	



Posner, R.; Toker, I.A.; Antonova, O.; Star, E.; Anava, S.; Azmon, E.; Hendricks, M.; Bracha, S.; Gingold, H.; Rechavi, O. Neuronal small RNAs control behavior transgenerationally. Cell 2019, 177, 1814–1826.e15. [Google Scholar] [CrossRef]

	



Rösvik, A.; Lhomme, P.; Khallaf, M.A.; Anderson, P. Plant-induced transgenerational plasticity affecting performance but not preference in a polyphagous moth. Front. Ecol. Evol. 2020, 8, 1–9. [Google Scholar] [CrossRef]

	



Barrett, L.P.; Stanton, L.A.; Benson-Amram, S. The cognition of ‘nuisance’ species. Anim. Behav. 2019, 147, 167–177. [Google Scholar] [CrossRef]

	



Rausher, M.D. Search image for leaf shape in a butterfly. Science 1978, 200, 1071–1073. [Google Scholar] [CrossRef]

	



Williams, K.S.; Gilbert, L.E. Insects as selective agents on plant vegetative morphology: Egg mimicry reduces egg laying by butterflies. Science 1981, 212, 467–469. [Google Scholar] [CrossRef]

	



Bar-On, Y.M.; Phillips, R.; Milo, R. The biomass distribution on Earth. Proc. Natl. Acad. Sci. USA 2018, 115, 6506. [Google Scholar] [CrossRef]

	



Mora, C.; Tittensor, D.P.; Adl, S.; Simpson, A.G.B.; Worm, B. How many species are there on earth and in the ocean? PLoS Biol. 2011, 9, e1001127. [Google Scholar] [CrossRef]

	



Ellner, S.; Hairston, N.G., Jr. Role of overlapping generations in maintaining genetic variation in a fluctuating environment. Am. Nat. 1994, 143, 403–417. [Google Scholar] [CrossRef]

	



Choe, J.; Crespi, B. The Evolution of Social Behavior in Insects and Arachnids; Cambridge University Press: Cambridge, UK, 1997. [Google Scholar]

	



Costa, J. The Other Insect Societies; Harvard University Press: Cambridge, MA, USA, 2006. [Google Scholar]

	



Costa, J. Social evolution in “other” insects and arachnids. In Encyclopedia of Animal Behavior; Breed, M., Moore, J., Eds.; Academic Press: Cambridge, MA, USA, 2016. [Google Scholar]

	



Costa, J.T. The other insect societies: Overview and new directions. Curr. Opin. Insect Sci. 2018, 28, 40–49. [Google Scholar] [CrossRef]

	



Aluja, M.; Díaz-Fleischer, F. Foraging behavior of Anastrepha ludens, A. obliqua, and A. serpentina in response to feces extracts containing host marking pheromone. J. Chem. Ecol. 2006, 32, 367–389. [Google Scholar] [CrossRef]

	



Decker, A.; D’elia, B.; Kuhl, A.; Rosen, S.; Disney, A.; Dial, C.; Linietsky, M.; Taylor-Lilquist, J.; Taylor-Lilquist, B.; Kim, E.; et al. Acoustic stimulus influences ovipositioning in Drosophila melanogaster. Bull. Insectol. 2020, 73, 103–109. [Google Scholar]

	



Corbet, S.A. Mandibular gland secretion of larvae of the flour moth, Anagasta kuehniella, contains an epideictic pheromone and elicits oviposition movements in a hymenopteran parasite. Nature 1971, 232, 481–484. [Google Scholar] [CrossRef]

	



Otake, R.; Dobata, S. Copy if dissatisfied, innovate if not: Contrasting egg-laying decision making in an insect. Anim. Cogn. 2018, 21, 805–812. [Google Scholar] [CrossRef]

	



Malek, H.L.; Long, T.A.F. On the use of private versus social information in oviposition site choice decisions by Drosophila melanogaster females. Behav. Ecol. 2020, 31, 739–749. [Google Scholar] [CrossRef]

	



Battesti, M.; Moreno, C.; Joly, D.; Mery, F. Biased social transmission in Drosophila oviposition choice. Behav. Ecol. Sociobiol. 2015, 69, 83–87. [Google Scholar] [CrossRef]

	



Battesti, M.; Pasquaretta, C.; Moreno, C.; Teseo, S.; Joly, D.; Klensch, E.; Petit, O.; Sueur, C.; Mery, F. Ecology of information: Social transmission dynamics within groups of non-social insects. Proc. R. Soc. B Biol. Sci. 2015, 282, 20142480. [Google Scholar] [CrossRef]

	



Elsensohn, J.E.; Aly, M.F.K.; Schal, C.; Burrack, H.J. Social signals mediate oviposition site selection in Drosophila suzukii. Sci. Rep. 2021, 11, 1–10. [Google Scholar] [CrossRef]

	



Stelinski, L.L.; Rodriguez-Saona, C.; Meyer, W.L. Recognition of foreign oviposition-marking pheromone in a multi-trophic context. Naturwissenschaften 2009, 96, 585–592. [Google Scholar] [CrossRef]

	



Pasqualone, A.A.; Davis, J.M. The use of conspecific phenotypic states as information during reproductive decisions. Anim. Behav. 2011, 82, 281–284. [Google Scholar] [CrossRef]

	



Yadav, P.; Desireddy, S.; Kasinathan, S.; Bessière, J.M.; Borges, R.M. History matters: Oviposition resource acceptance in an exploiter of a nursery pollination mutualism. J. Chem. Ecol. 2018, 44, 18–28. [Google Scholar] [CrossRef]

	



Godfray, H.C.J. Parasitoids: Behavioural and Evolutionary Ecology; Princeton University Press: West Sussex, NJ, USA, 1994. [Google Scholar]

	



Loukola, O.J.; Gatto, E.; Híjar-Islas, A.C.; Chittka, L. Selective interspecific information use in the nest choice of solitary bees. Anim. Biol. 2020, 70, 215–225. [Google Scholar] [CrossRef]

	



Huigens, M.E.; Pashalidou, F.G.; Qian, M.H.; Bukovinszky, T.; Smid, H.M.; Van Loon, J.J.A.; Dicke, M.; Fatouros, N.E. Hitch-hiking parasitic wasp learns to exploit butterfly antiaphrodisiac. Proc. Natl. Acad. Sci. USA 2009, 106, 820–825. [Google Scholar] [CrossRef]

	



Sarin, S.; Dukas, R. Social learning about egg-laying substrates in fruitflies. Proc. R. Soc. B Biol. Sci. 2009, 276, 4323–4328. [Google Scholar] [CrossRef] [PubMed]

	



Couty, A.; Kaiser, L.; Huet, D.; Pham-Delegue, M.H. The attractiveness of different odour sources from the fruit-host complex on Leptopilina boulardi, a larval parasitoid of frugivorous Drosophila spp. Physiol. Entomol. 1999, 24, 76–82. [Google Scholar] [CrossRef]

	



Bodino, N.; Ferracini, C.; Tavella, L. Is host selection influenced by natal and adult experience in the parasitoid Necremnus tutae (Hymenoptera: Eulophidae)? Anim. Behav. 2016, 112, 221–228. [Google Scholar] [CrossRef]

	



Ghimire, M.N.; Phillips, T.W. Effects of prior experience on host selection and host utilization by two populations of Anisopteromalus calandrae (Hymenoptera: Pteromalidae). Environ. Entomol. 2008, 37, 1300–1306. [Google Scholar] [CrossRef]

	



Stephan, J.G.; Stenberg, J.A.; Björkman, C. How far away is the next basket of eggs? Spatial memory and perceived cues shape aggregation patterns in a leaf beetle. Ecology 2015, 96, 908–914. [Google Scholar] [CrossRef]

	



Murase, A.; Fujita, K.; Yano, S. Behavioural flexibility in spider mites: Oviposition site shifts based on past and present stimuli from conspecifics and predators. R. Soc. Open Sci. 2017, 4, 170328. [Google Scholar] [CrossRef]

	



Kujtan, L.; Dukas, R. Learning magnifies individual variation in heterospecific mating propensity. Anim. Behav. 2009, 78, 549–554. [Google Scholar] [CrossRef]

	



Mair, M.M.; Seifert, N.; Ruther, J. Previous interspecific courtship impairs female receptivity to conspecifics in the parasitoid wasp Nasonia longicornis but not in N. vitripennis. Insects 2018, 9, 112. [Google Scholar] [CrossRef]

	



Hostachy, C.; Couzi, P.; Portemer, G.; Hanafi-Portier, M.; Murmu, M.; Deisig, N.; Dacher, M. Exposure to conspecific and heterospecific sex-pheromones modulates gustatory habituation in the moth Agrotis ipsilon. Front. Physiol. 2019, 10, 1–8. [Google Scholar] [CrossRef]

	



Romano, D.; Benelli, G.; Stefanini, C. Opposite valence social information provided by bio-robotic demonstrators shapes selection processes in the green bottle fly. J. R. Soc. Interface 2021, 18, 20210056. [Google Scholar] [CrossRef]

	



Verzijden, M.N.; ten Cate, C.; Servedio, M.R.; Kozak, G.M.; Boughman, J.W.; Svensson, E. The impact of learning on sexual selection and speciation. Trends Ecol. Evol. 2012, 27, 511–519. [Google Scholar] [CrossRef]

	



Vosteen, I.; van den Meiracker, N.; Poelman, E.H. Getting confused: Learning reduces parasitoid foraging efficiency in some environments with non-host-infested plants. Oecologia 2019, 189, 919–930. [Google Scholar] [CrossRef]

	



Magrath, R.D.; Haff, T.M.; Fallow, P.M.; Radford, A.N. Eavesdropping on heterospecific alarm calls: From mechanisms to consequences. Biol. Rev. 2015, 90, 560–586. [Google Scholar] [CrossRef]

	



Muramatsu, D. Sand-bubbler crabs distinguish fiddler crab signals to predict intruders. Behav. Ecol. Sociobiol. 2021, 75, 1–11. [Google Scholar] [CrossRef]

	



Rieucau, G.; Giraldeau, L.A. Exploring the costs and benefits of social information use: An appraisal of current experimental evidence. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 949–957. [Google Scholar] [CrossRef]

	



Nieberding, C.M.; Van Dyck, H.; Chittka, L. Adaptive learning in non-social insects: From theory to field work, and back. Curr. Opin. Insect Sci. 2018, 27, 75–81. [Google Scholar] [CrossRef]

	



Costa, T.M.; Hebets, E.A.; Melo, D.; Willemart, R.H. Costly learning: Preference for familiar food persists despite negative impact on survival. Biol. Lett. 2016, 12, 20160256. [Google Scholar] [CrossRef]

	



Botero, C.A.; Weissing, F.J.; Wright, J.; Rubenstein, D.R. Evolutionary tipping points in the capacity to adapt to environmental change. Proc. Natl. Acad. Sci. USA 2015, 112, 184–189. [Google Scholar] [CrossRef]

	



Dechaume-Moncharmont, F.X.; Dornhaus, A.; Houston, A.I.; McNamara, J.M.; Collins, E.J.; Franks, N.R. The hidden cost of information in collective foraging. Proc. R. Soc. B Biol. Sci. 2005, 272, 1689–1695. [Google Scholar] [CrossRef]

	



Greggor, A.L.; Trimmer, P.C.; Barrett, B.J.; Sih, A. Challenges of Learning to Escape Evolutionary Traps. Front. Ecol. Evol. 2019, 7, 408. [Google Scholar] [CrossRef]

	



Fleury, F.; Gibert, P.; Ris, N.; Allemand, R. Ecology and life history evolution of frugivorous Drosophila parasitoids. Adv. Parasitol. 2009, 70, 3–44. [Google Scholar] [CrossRef] [PubMed]

	



Lefèvre, T.; De Roode, J.C.; Kacsoh, B.Z.; Schlenke, T.A. Defence strategies against a parasitoid wasp in Drosophila: Fight or flight? Biol. Lett. 2012, 8, 230–233. [Google Scholar] [CrossRef] [PubMed]

	



van Lenteren, J.C.; Bakker, K. Behavioural aspects of the functional responses of a parasite (Pseudocoila bochei) to its host (Drosophila melanogaster). Netherlands J. Zool. 1978, 28, 213–233. [Google Scholar] [CrossRef]

	



Vet, L.E.; Papaj, D. Effects of experience on parasitoid movement in odour plumes. Physiol. Entomol. 1992, 17, 90–96. [Google Scholar] [CrossRef]

	



Wertheim, B.; Vet, L.E.M.; Dicke, M. Increased risk of parasitism as ecological costs of using aggregation pheromones: Laboratory and field study of Drosophila-Leptopilina interaction. Oikos 2003, 100, 269–282. [Google Scholar] [CrossRef]








[image: Genes 12 01466 g001 550] 





Figure 1. The steps involved in social inheritance. Step I Perception of social cues: Fly 1 perceives a social cue, e.g., the presence of a parasitic wasp that can parasitize and kill the larvae of Drosophila melanogaster (based on [21]). In response to the social cue, fly 1 changes its behavior, e.g., the female D. melanogaster reduces oviposition (fewer eggs are laid). The behavioral change proves that the cue is perceived. Step II Social learning: Fly 1 has learned about the social cue and is now experienced, meaning that the behavioral adjustment persists in time even when the social cue is no longer present, e.g., D. melanogaster females continue laying fewer eggs even when the wasp has left the patch. Step III Transmission: The socially learned behavior is taken over by naive fly 2 from experienced fly 1 (i.e., through visual and olfactory cues) that then changes its behavior. Step IV Transmission across generations: The socially learned behavior spreads throughout the population and over subsequent generations, e.g., other Drosophila females (including those belonging to other species) perceive the behavioral change of individuals 1 or 2 and also reduce their egg numbers (based on [22]). For social inheritance, naive flies belonging to the next generation should acquire behaviors from experienced flies exhibiting socially learned behaviors. This remains to be tested explicitly in the example of social learning of wasp threats in Drosophila. Of note, social inheritance can produce culture, based on additional criteria for transmission of socially learned behaviors as described in [23]. 
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Figure 2. (Epi)genetic and social inheritance for oviposition site selection can affect the colonization of new suitable habitats with better host plant resources. A: Variation between individuals in oviposition site selection on host plants can be due either to (epi)genetic variation or variation in social learning skills. Social learning can lead to the colonization of new suitable habitats by naive individuals, for example by following experienced individuals towards a new habitat patch. Here, social learning is based on imitation and can occur through horizontal, oblique or (more rarely so) vertical transmission. Individuals not relying on social learning from conspecifics have a lower probability of finding new suitable habitats for oviposition. B: More adaptive behavioral variants for finding a new suitable habitat for oviposition can be transmitted through genetic or (epi)genetic variants (1). Transmission of social learning ability from parents to offspring can be genetically based or (epi)genetically transmitted. In addition, social learners outperform individuals not using social cues to learn about resource distribution in their environment (2). Social inheritance allows younger individuals to locate new habitats based on social information provided by older conspecifics. When there is no (epi)genetic basis for exploration, and learning and social learning does not occur, individuals have a lower probability of colonizing new habitats (3). C: The increasing ability of individuals within a population to learn and remember the spatial location of resources, such as host plants for oviposition, can be due to selection of (epi)genetic variants of the adaptive behavior, including learning rate and memory retention, or due to social transmission of the spatial location of resources from older to younger individuals leading to social inheritance. The accumulation of advantageous modifications of behavior in populations across generations may produce differential local adaptation between populations in socially learned traits, based on local environmental conditions and geography in much the same way as local adaptation through genetic differentiation does. 
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