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We review the evidence that learning affects fitness in non-

social insects. Early accounts date back from the 1970s and

were based on field-based observational and experimental

work, yet exploration of the ways in which various forms of

learning increase fitness remains limited in non-social insects.

We highlight the concerns that arise when artificial laboratory

settings, which do not take the ecology of the species into

account, are used to estimate fitness benefits of learning. We

argue that ecologically-relevant experimental designs are most

useful to provide fitness estimates of learning, that is, designs

that include: firstly, offspring of wild-caught animals producing

newly established stocks under relevant breeding conditions,

combined with common-garden and reciprocal transplant

experiments; secondly, the spatio-temporal dynamics of key

ecological resources; and thirdly, the natural behaviours of the

animals while searching for, and probing, resources. Finally, we

provide guidelines for the study of fitness-learning relationships

in an eco-evolutionary framework.
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Adaptive value of learning in non-social
insects
While multiple definitions of learning have been proposed

[1] (reviewed in [2]) we take the definition by Thorpe who

defined learning as an ‘adaptive change in individual

behaviour as the result of experience’ [3]. Learning com-

prises various capacities from simple non-associate pro-

cesses (habituation, sensitization), to associative learning
www.sciencedirect.com 
(classical or operant conditioning), to cognitive phenom-

ena that integrate multiple memories, such as rule learning

and categorization [4,5]. All these phenomena can have

different temporal dynamics in different species and indi-

viduals (number of trials required to learn to saturation,

times over which memories fade) and be linked to differ-

ent memory capacities (e.g. more information can typically

be stored in long term memory, than in short term or

working memory) [6]. Most scientists assume that these

processes have evolved under selection [1]. Yet, relatively

few studies directly show how the learning abilities of

different animals affect fitness in the wild ([7,8��,9��] and

refs therein). To quantify the adaptive value, one needs to

provide evidence for: firstly, variability of the ability to

learn, their memory capacity and durability, or their mem-

ory dynamics among individuals within populations, as it is

the raw material for selection; secondly, heritability for the

trait; and thirdly, selection on a non-random part of the

trait distribution in the population as a result of fitness gain

for some of the individuals having specific trait values. In

insects, the exploration of intraspecific variation in learn-

ing ability has a long history [10,11]. Heritability for

learning was demonstrated with experimental evolution

experiments selecting for associative learning [12], for

example, between a medium infused with two types of

fruit juice and quinine, an alkaloı̈d produced by plants to

deter insects, which increases learning rate and speed for

oviposition, and decreases the decay of the memory in the

fly Drosophila melanogaster [13]. Here, we review the evi-

dence that learning affects fitness of insects and we focus

on non-social insects because most insects are solitary and

no review has targeted them specifically, as opposed to

reviews on social insects including several bees, wasps and

ants. Some comparisons between social insects and solitary

insects have reported inferior cognitive abilities in solitary

compared to social species, for example in counting abili-

ties [14], or learning rates in a colour associative learning

task [15]. In other behavioural contexts, no such differ-

ences were found. For example, colour discrimination

abilities do not appear to differ between several species

of solitary bees and wasps [16]. In risk-sensitive foraging,

no substantial difference was found between a carpenter

bee and some social bees [17]. The principle learning

centres of the insect brain, the mushroom bodies, do not

differ in gross neuroanatomy between the brains of social

and solitary Hymenoptera, though very clear differences

occur in line with foraging lifestyle [18].

Here, we first summarize the theoretical conditions under

which learning is expected to evolve under selection;
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second, we highlight the concerns when artificial labora-

tory settings are exclusively used to estimate fitness of

learning. Next, we summarize the existing experimental

evidence that learning affects fitness in either natural

environments or in ecologically relevant laboratory set-

tings. Finally, we provide practical guidelines for the

study of fitness-learning relationships in an eco-evolu-

tionary experimental framework.

Theoretical predictions of learning evolution
in the wild
Existing theoretical models focus largely on the explora-

tions of the conditions under which innate preferences

versus associative learning guide animals most efficiently

to suitable food sources. Those models suggest that the

adaptive value of learning depends on how the distribu-

tion of the resources of interest in the environment varies

relative to the lifetime of the organism [19–21]. Two

aspects of environmental resource heterogeneity appear

to matter: certainty refers to the fitness estimate of pro-

ducing an innate behavioural response, such that high

uncertainty favours learning. Reliability refers to the fit-

ness associated to changing the behavioural response after

experience about the focal resource. High reliability

means that there is a strong correlation between specific

environmental cues that may be picked up by the organ-

ism to predict the distribution of a particular resource, and

it will favour learning. If certainty is high, reliability must

be very high for learning to evolve adaptively (Figure 1 in

[21]). Most models also suggest that reliability should be

high within the lifetime of an organism, but should be low

across successive generations of individuals to select for

learning [19–21]. If spatial or temporal environmental

changes in the distribution of the ecological resources

are completely predictable, then innate behavioural

responses are selected for; in case of unpredictable con-

ditions, bet hedging strategies are the predicted outcome

[22]. It would be useful to develop further models that

incorporate the diversity and dynamics of learning phe-

nomena within and across species, and link them to

environmental conditions to make (and ultimately test)

predictions about which forms of learning are adaptive

and when [4].

Case for studying adaptive learning in the wild
We argue that field-based data or ecologically-relevant

experimental designs are most useful to provide fitness

estimates of learning, by which we mean that: firstly, the

organisms are observed in the wild or derived from field-

caught samples; secondly, the key ecological resources,

and their spatio-temporal dynamics, of the studied popu-

lation(s) are taken into account; and thirdly, the natural

behaviours of the animals while searching for, and prob-

ing, resources are allowed to be fully expressed.

Fitness estimates based on standardized laboratory work

may be attractive [23], but also problematic for several
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reasons. First, most studies on learning have used labora-

tory strains of unknown or ancient field origin, or popula-

tions provided by commercial breeders whose genetic

diversity is usually unknown. This is problematic

because: firstly, genetic variability for learning related

genes, such as the ‘for’ (‘foraging’) gene [11], may be

reduced or absent in laboratory stocks and secondly, there

are inter-strain or inter-population differences in learning

[24�,25�]. Laboratory strains can become inbred and show

reduced learning ability compared to genetically diverse

natural populations [26–29]. In addition, learning ability

can be costly [30,31] and may be susceptible to rapid trait

loss if organisms are maintained for multiple generations

under laboratory conditions under poor food quality [32–

34] or limited food quantity [35]. Finally, the perception

of the cues used for learning can be affected by captivity

(e.g. vision [36]). These laboratory effects on learning

ability can be either the result of genetic evolution [34] or

of an immediate response to the environment by devel-

opmental phenotypic plasticity [33].

Second, theoretical models as explained above suggest

that the adaptive value of learning depends on how the

distribution of the resources of interest in the environ-

ment varies relative to the life span of the animal (e.g.

[21]). Hence, the rate of environmental change relative to

the life span of the animal is key to quantifying the

adaptive value of the various forms of learning, yet this

has been rarely tested in nature (but see [37]). It is also

important to consider the natural cues that allow insects to

learn about resources: for example, chemical cues are

central for learning about host plant and animal prey

foraging, egg-laying and mating in phytophagous and

polyphagous insects and can involve larval induction,

habituation, sensitization and associative learning that

usually increase, often permanently, the selectivity of

the experienced organisms towards (learnt preference)

or against (learnt deterrence) the resource (e.g. [38]).

Visual cues are also used for foraging and oviposition:

solitary wasps associatively learn colour, shape, and to a

certain extent brightness for foraging as shown by an

increased rate of landing on the conditioned resource

type [39–41]. Butterflies forage based on associative

learning of flower colour (e.g. [42]), yet leaf shape or

bud size also matter and differences in oviposition pref-

erence were when full plants versus cuttings were com-

pared (see examples in Suppl. Online Table 1). However,

the underlying type of learning mechanism is not always

unequivocally shown. In addition, whether having a fixed

resting location (nest, hive) or not, solitary insects have to

navigate to find temporal and spatial heterogeneous

resources, and some solitary wasps use spatial landmarks

to locate their resources up to weeks in advance, like

social insects [43,44]. Resources can be distantly located

from the resting place of the organism, and be cryptic

targets under the natural complexity of vegetation struc-

tures [45–47]. Hence, experiments should allow the
www.sciencedirect.com
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natural expression of movements towards naturally dis-

tributed resources to quantify the actual costs of learning

[30,31], which are likely underestimated when simplistic

lab-based experimental setups are used for obvious logis-

tic reasons.

Adaptive learning of non-social insects in the
field and in ecologically-relevant setups
We focus on learning experiments that took the ecology

of the species into account, but most of which did not

assess fitness. Learning, at least in some form is present in

virtually all animals, and is therefore found to be the rule

rather than the exception (but see [48–50]). Many of these

studies focused on adult foraging (e.g. flower visitation

[51�]). Other behaviours include larval foraging, oviposi-

tion on hosts (e.g. butterflies or wasps), predator avoid-

ance, mate choice, species recognition and mate attrac-

tion. Most studies focused on non-social learning, yet

social learning (i.e. learning from other individuals by e.g.

imitation) has also been documented in crickets, flies,

butterflies, damselflies (e.g. for mate choice and predator

avoidance; Box 1 in [52]; [24�,53]) and social information

was shown to spread among groups of individuals [54].

Associative mechanisms are known to underlie learning in

the context of oviposition as well as pollination [51�,55]
and long term memory formation based on protein syn-

thesis is recurrent (e.g. [30,56,57]). Memory formation

depends on the number and type of conditioning trials,

intervals between trials and on the reward value associ-

ated to the behaviour [58]. Learning ability differs

between closely related species and sexes (e.g. [42]).

The extent of learning differs across behaviours within

a species; for example, Euphydryas editha butterflies can

learn various characteristics of host plants for foraging but

not for oviposition [59]. Learning can also affect different

behaviours associated to the same resource and have

effects across successive life stages if using the resource,

for example when larval development on a host plant

affects mating preference of adults [60�]. This may matter

in, for example, many Lepidoptera where larvae usually

feed on a subset of the host plant species that adults use

for foraging and mating [61].

First fitness estimates of learning in insects date back

from the 1970s and were based on observational field

work (Suppl. Online Table 1; [23,37,42,62–

74,75�,76�,77,78��,79��,80��,81–86]). These studies sug-

gest that learning can be advantageous through improved

recognition, accuracy or selectivity of feeding resources

that are available at higher abundance in the environ-

ment, a strategy that maximizes energy intake. Learning

chemical cues as predictors of food quality at the larval

stage can improve larval growth [23,74]. Female fitness is

also improved by learnt preference to plants of better

quality [66,71], as larger-sized offspring that have better

survival are produced. For example, females of the but-

terfly Battus philenor increased fitness by learning to avoid
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laying eggs on already used host plants [64]. Other case

studies include evidence that avoiding sexually deceptive

orchids by a wasp is associated to fitness gains [87].

Learning can occur among heterospecifics and affect

fitness through tri-trophic interactions [78��].

Assessing the adaptive value of learning in the
wild, in practice
How can we develop ecologically relevant setups that

take the ecology of the species into account, particularly

for non-social insect species?

Reliable data on the distribution of key resources over

evolutionarily relevant time periods are pivotal [45]. First,

a sound understanding of the ecology of the species will

allow identifying the relevant life stages (larval, adult)

and behaviours (foraging, mating oviposition, prey avoid-

ance, shelter) under selection for learning relative to

resource acquisition. Finding shelters to rest (roost) and

overwinter remains understudied, despite the fact that

insects spend significant time budgets under harsh con-

ditions (e.g. winter in temperate regions and drought in

tropical regions). Second, evolution is sometimes thought

to embrace time periods too long to be amenable for

experimentation [21]. Yet, associative learning was shown

to evolve within as few as 30 generations of experimental

evolution in D. melanogaster [12,13]. Therefore, learning

ability may evolve within a limited timescale in nature as

well, where effective population sizes are often large and

multiple generations may occur within a year. This pro-

vides scope for measurable evolutionary change in learn-

ing ability linked to spatial or temporal changes in

resources over years or decades. It is fortunate that

detailed data on environmental changes for climate and

vegetation have become available over the periods of the

last 30–50 years, particularly in insects of conservation

concern. Multiple replicated populations from contrasted

environments in terms of spatial/temporal certainty and

reliability of resource distribution are needed to avoid any

confounding bias due to non-causal environmental factors

that happen to differ as well between populations. For

example, mapping foraging resources for the hawkmoth

Manduca sexta in the wild revealed that olfactory associa-

tive learning to switch flower species by adult foragers

during summer improved provisioning efficiency [78��].
We expect that the rate of human-induced environmental

change will generate a strong selective pressure on learn-

ing ability.

Another important improvement could be to use offspring

of field-caught animals and to interface lab work with field

work. Using offspring of field-caught animals avoids

biasing learning estimates that result from inbreeding.

When feasible, rearing the animals in cages but in the

field would provide the developing organisms with the

natural cues (e.g. chemical, visual, mechanosensory, mag-

netic, electrostatic), specific range of cues (for example
Current Opinion in Insect Science 2018, 27:75–81
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natural chemicals, spectral reflectance) and related per-

ceptual biases as they developed under selection in the

wild. It would also provide a more natural food composi-

tion, which affects learning [88�]. Fitness estimates (sur-

vival and number of offspring) obtained from common-

garden experiments of field-derived animals, and (split-

brood) reciprocal transplant experiments between envir-

onments contrasting in environmental heterogeneity, for

example habitats contrasted for foraging opportunities,

will assess the relative fitness benefits of various forms of

learning of these populations. Finally, the presence of

individual genetic variability in learning ability means

that the same individuals should be tested for quantifying

learning and assessing its adaptive value. This is so

because working at the population level may blur the

causal relationship between learning and fitness. This

may be challenging with small insects that are hard to

track individually in the wild. Instead, individuals could

be followed for bouts of movements [66] or by making use

of specific tracking technology (microdots, harmonic

radar) [89,90].

Finally, we could take advantage of knowledge acquired

about spatial navigation in a wide array of insects includ-

ing non-social insects [91]. Researchers in this field devel-

oped interesting experimental setups that integrate the

ecology of the species, including: firstly, the movements

for finding resources (food, mate, shelter, predator avoid-

ance) in the environment; and secondly, the natural cues

and related perceptual biases under selection in the wild.

Conclusion
While evidence for fitness benefits arising from various

learning capacities remain scarce in natural, ecologically-

relevant environments, we believe that it has become

both timely and feasible to invest in experimental field

work to quantify the adaptive value of learning for beha-

viours central to fitness in a wide range of insects, includ-

ing non-social insects. This is notably because the adap-

tive value of learning for these behaviours is likely

affected by the current changes in resource distribution

under human-induced rapid environmental change

including fragmentation and overall reduction of suitable

habitats for nesting and feeding. Notably, pollen and

nectar availability has significantly decreased for

flower-visiting insects worldwide [92,93] and insect den-

sities have declined strongly in the last decades (e.g. [94]).

Fluctuations of resources in space and time can produce

suboptimal tracking in foraging [95] and can affect the

adaptive value of memory and learning [96]. We may

expect that learning biases, as documented in several

social and non-social insects, for example, towards social

over non-social cues to locate foraging resources [97], or in

the ability to learn enhanced over reduced social cues to

choose among mating partners [53], constrain the adap-

tive evolution of learning and memory types in response

to current environmental changes to suboptimal,
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maladaptive strategies. The combination of carefully

executed field work and laboratory experiments with

controls allows the production of robust data sets with

strong replication (across populations), and the explora-

tion of causal associations between learning, fitness and

resource distribution as they change over time under real-

world conditions.
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Rendus des Séances de la Société de Biologie 1978, 174:961-967.

13. Mery F, Kawecki TJ: Experimental evolution of learning ability in
fruit flies. Proc Natl Acad Sci USA 2002, 99:14274-14279.

14. Bar-Shai N, Keasar T, Shmida A: How do solitary bees forage in
patches with a fixed number of food items? Anim Behav 2011,
82:1367-1372.

15. Dukas R, Real LA: Learning foraging tasks by bees — a
comparison between social and solitary species. Anim Behav
1991, 42:269-276.

16. Chittka L, Beier W, Hertel H, Steinmann E, Menzel R: Opponent
colour coding is a universal strategy to evaluate the
photoreceptor inputs in hymenoptera. J Comp Physiol A 1992,
170:545-563.

17. Perez SM, Waddington KD: Carpenter bee (Xylocopa micans)
risk indifference and a review of nectarivore risk-sensitivity
studies. Am Zool 1996, 36:435-446.

18. Farris SM, Schulmeister S: Parasitoidism, not sociality, is
associated with the evolution of elaborate mushroom bodies
in the brains of hymenopteran insects. Proc Roy Soc Lond B
2011, 278:940-951.

19. Stephens DW: Learning and behavioural ecology: incomplete
information and environmental predictability. In Insect
Learning: Ecological and Evolutionary Perspectives. Edited by
Papaj DR, Lewis AC. Chapman & Hall; 1993:195-218.

20. Aoki K, Feldman MW: Evolution of learning strategies in
temporally and spatially variable environments: a review of
theory. Theor Popul Biol 2014, 91:3-19.

21. Dunlap AS, Stephens DW: Reliability, uncertainty, and costs in
the evolution of animal learning. Curr Opin Behav Sci 2016,
12:73-79.

22. Botero CA, Weissing FJ, Wright J, Rubenstein DR: Evolutionary
tipping points in the capacity to adapt to environmental
change. Proc Natl Aca Sci USA 2015, 112:184-189.

23. Dukas R, Bernays EA: Learning improves growth rate in
grasshoppers. Proc Natl Acad Sci USA 2000, 97:2637-2640.

24.
�

Verzijden MN, Svensson EI: Interspecific interactions and
learning variability jointly drive geographic differences in mate
preferences. Evolution 2016, 70:1896-1903.

This study exemplifies how learning may affect the probability to rejecting
heterospecific males by studying sexual interactions between two closely
related damselfly species (Calopteryx spendens and C. virgo).

25.
�

Froissart L, Giurfa M, Sauzet S, Desouhant E: Cognitive
adaptation in asexual and sexual wasps living in contrasted
environments. PLOS ONE 2017, 12:e0177581.

This study addresses differences in memory and learning ability between
two wasp species that differ in habitat. The wasp species living in the wild
had better cognitive performance than the other species, which is con-
fined to stored-products buildings.

26. Papaj DR, Prokopy RJ, McDonald PT, Wong TTY: Differences in
learning between wild and laboratory Ceratitis capitata flies.
Entomol Exp Appl 1987, 45:65-72.

27. Sepulveda DA, Zepeda-Paulo F, Ramırez CC, Lavandero B,
Figuero CC: Loss of host fidelity in highly inbred populations of
the parasitoid wasp Aphidius ervi (Hymenoptera: Braconidae).
J Pest Sci 2017, 90:649-658.

28. Nepoux V, Haag C, Kawecki TJ: Effects of inbreeding on
aversive learning in Drosophila. J Evol Biol 2010, 23:2333-2345.

29. Nepoux V, Babin A, Haag C, Kawecki TJ, Le Rouzic A:
Quantitative genetics of learning ability and resistance to
stress in Drosophila melanogaster. Ecol Evol 2015, 5:543-556.
www.sciencedirect.com 
30. Mery F, Kawecki TJ: Cost of long-term memory in Drosophila.
Science 2005, 308:1148.

31. Snell-Rood EC, Davidowitz G, Papaj DR: Reproductive tradeoffs
of learning in a butterfly. Behav Ecol 2011, 22:291-302.

32. Xia S-Z, Liu L, Feng C-H, Guo A-K: Nutritional effects on operant
visual learning in Drosophila melanogaster. Physiol Behav
1997, 62:263-271.

33. Gandolfi M, Mattiacci L, Dorn S: Mechanisms of behavioral
alterations of parasitoids reared in artificial systems. J Chem
Ecol 2003, 29:1871-1887.

34. Kolss M, Kawecki TJ: Reduced learning ability as a
consequence of evolutionary adaptation to nutritional stress
in Drosophila melanogaster. Ecol Entomol 2008, 33:583-588.

35. Mery F, Kawecki TJ: A fitness cost of learning ability in
Drosophila melanogaster. Proc R Soc Lond 2003, 270:2465-
2469.

36. Tan SJ, Amos W, Laughlin SB: Captivity selects for smaller eyes.
Curr Biol 2005, 15:R540-R542.

37. Papaj DR, Mallory HS, Heinz CA: Extreme weather change and
the dynamics of oviposition behavior in the pipevine
swallowtail, Battus philenor. Oecologia 2007, 152:365-375.

38. Papaj DR, Prokopy RJ: Phytochemical basis of learning in
Rhagolethis polmonella and other herbivorous insects. J
Chem Ecol 1986, 12:1125-1143.
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This review paper compares different aspects of learning in pollinators
and herbivorous insects and argues that insect learning has the potential
to have an important, yet largely unexplored, role in plant–insect
coevolution.
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