Available online at www.sciencedirect.com

ScienceDirect
Adaptive learning in non-social insects: from theory
to field work, and back
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We review the evidence that learning affects fitness in nonsocial 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 comprises various capacities from simple non-associate processes (habituation, sensitization), to associative learning
www.sciencedirect.com

(classical or operant conditioning), to cognitive phenomena that integrate multiple memories, such as rule learning
and categorization [4,5]. All these phenomena can have
different temporal dynamics in different species and individuals (number of trials required to learn to saturation,
times over which memories fade) and be linked to different 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 memory 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 learning 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 evidence 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 abilities [14], or learning rates in a colour associative learning
task [15]. In other behavioural contexts, no such differences 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 laboratory 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 settings. Finally, we provide practical guidelines for the
study of fitness-learning relationships in an eco-evolutionary experimental framework.

Theoretical predictions of learning evolution
in the wild
Existing theoretical models focus largely on the explorations 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 distribution 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 producing an innate behavioural response, such that high
uncertainty favours learning. Reliability refers to the fitness 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 organism 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 conditions, bet hedging strategies are the predicted outcome
[22]. It would be useful to develop further models that
incorporate the diversity and dynamics of learning phenomena 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 fieldcaught samples; secondly, the key ecological resources,
and their spatio-temporal dynamics, of the studied population(s) are taken into account; and thirdly, the natural
behaviours of the animals while searching for, and probing, 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 laboratory strains of unknown or ancient field origin, or populations 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 developmental 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 environment 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 preference were when full plants versus cuttings were compared (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 structures [45–47]. Hence, experiments should allow the
www.sciencedirect.com
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natural expression of movements towards naturally distributed resources to quantify the actual costs of learning
[30,31], which are likely underestimated when simplistic
lab-based experimental setups are used for obvious logistic reasons.

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].

Adaptive learning of non-social insects in the
field and in ecologically-relevant setups

Assessing the adaptive value of learning in the
wild, in practice

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, oviposition on hosts (e.g. butterflies or wasps), predator avoidance, mate choice, species recognition and mate attraction. 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 synthesis 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 associated 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].

How can we develop ecologically relevant setups that
take the ecology of the species into account, particularly
for non-social insect species?

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 suggest that learning can be advantageous through improved
recognition, accuracy or selectivity of feeding resources
that are available at higher abundance in the environment, 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 butterfly Battus philenor increased fitness by learning to avoid
www.sciencedirect.com

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 avoidance, 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 conditions (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 provides scope for measurable evolutionary change in learning 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 associative 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 learning 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, magnetic, 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 perceptual biases as they developed under selection in the
wild. It would also provide a more natural food composition, which affects learning [88]. Fitness estimates (survival and number of offspring) obtained from commongarden experiments of field-derived animals, and (splitbrood) reciprocal transplant experiments between environments 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 including non-social insects [91]. Researchers in this field developed interesting experimental setups that integrate the
ecology of the species, including: firstly, the movements
for finding resources (food, mate, shelter, predator avoidance) in the environment; and secondly, the natural cues
and related perceptual biases under selection in the wild.

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 exploration of causal associations between learning, fitness and
resource distribution as they change over time under realworld conditions.
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