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Expertise consists of the features that allow individuals with extensive experience on a given complex
task to show superior performance on that task compared to novices. While expertise has been inves-
tigated mostly in humans, it is highly relevant for other species as well because it can have strong effects
on fitness. Moreover, studying expertise in nonhumans can help us understand human expertise. Several
features that distinguish experts within their domain of expertise from novices include (1) greater long-
term memory, (2) larger capacity of working memory, (3) better ability to focus attention on the most
relevant concurrent tasks, (4) superior ability to anticipate, perceive and comprehend the relevant ele-
ments in one's surroundings, (5) quicker and better decisions, and (6) faster and more coordinated motor
movements. The development of expertise follows a characteristic pattern of gradual improvement in
performance over extended periods devoted to practising a given complex task. Heritable variation in a
few traits can affect the rate of expertise acquisition and its peak levels. These traits include motivation to
practise, perseverance, basic cognitive abilities such as attention span, working memory capacity,
learning rates and memory retention, and various physiological, anatomical and morphological features.
Key environmental factors influencing expertise development are parental and social settings, which
may encourage investment in the extended practice necessary for achieving superior performance on
complex tasks. Future work on the evolutionary biology of expertise should focus on the yet unknown
neurobiological mechanisms that underlie it, heritable variation in the traits that enable expertise and
their genetic basis, further quantifications of expertise acquisition in natural settings, the fitness con-
sequences of the traits that facilitate top expert performance, and the ecological and evolutionary
consequences of expertise.
© 2018 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The historically dichotomous nature of the literatures on human
and nonhuman cognition is gradually fading as researchers in mul-
tiple disciplines replace entrenched traditions with an appreciation
of the fundamental similarity among all animals including humans
(Dukas, 1998a; Richards, 1987). While old notions about the domi-
nance of instincts in nonhuman animal behaviour (Fabre, Teixeira de
Mattos, & Miall, 1918; Tinbergen, 1951) have given way to sophisti-
cated understanding of the important roles of learning and other
cognitive abilities (e.g. Dukas, 2009; Shettleworth, 2009), expertise
researchhasbeenmostly restricted to humans (Ericsson& Lehmann,
1996; Ericsson, Charness, Feltovich, & Hoffman, 2006). Expertise
may be defined as the characteristics, skills and knowledge allowing
individualswith extensive experience to perform significantly better
than novices on a given complex task (Dukas, 2017).
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There are three substantial reasons for expanding expertise
research to nonhuman species. First, while the human literature has
identified unique mechanisms enabling expertise (e.g. Bor & Owen,
2007; Diedrichsen & Kornysheva, 2015; Wymbs, Bassett, Mucha,
Porter, & Grafton, 2012), we still lack fundamental understanding
of their evolutionary biology, genetics and neurobiology. Second,
data consistent with the gradual development of expertise in the
domains of foraging, survival and reproductive success exist for a
variety of species including bees, birds and mammals (De Resende,
Ottoni, & Fragaszy, 2008; Dukas, 2008a; Dukas & Visscher, 1994;
Leach & Sedinger, 2016; Lonsdorf, 2005; Rutz, 2012; Wooler,
Bradley, Skira, & Serventy, 1990). Finally, research on human exper-
tise has focused on practice as the best predictor of top performance
(Ericsson, Krampe, & Tesch-R€omer, 1993; Ericsson & Pool, 2016).
However, the contributions of extensive practice to performance
remain understudied in all disciplines of animal biology including
animal cognition and behaviour.

A broad, integrative biological framework that includes mech-
anisms, ecology and evolution can advance research on expertise.
First, expertise can be positively associated with fitness and hence
evier Ltd. All rights reserved.
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Figure 1. (a) Percentage of patients that were free of cancer 5 years after removal of a
cancerous prostate gland as a function of their surgeon's experience. Data from Vickers
et al. (2008). (b) Hunting success as a function of age in hunteregatherer men from the
Machiguenga and Piro of southeastern Peru. Data from Gurven and Kaplan (2006).
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influence the evolution of a variety of cognitive, behavioural and
life history traits (Dukas, 2017). Second, an evolutionary biological
approach and use of animal models can enhance our understanding
of human expertise. Here I will (1) briefly review key findings from
the vast literature on human expertise, (2) discuss a few examples
of nonhuman species that show performance patterns resembling
human expertise, (3) assess the mechanisms underlying expertise,
(4) evaluate key traits that determine individual variation in per-
formance and their associationwith expertise and (5) outline major
future directions.

HUMAN EXPERTISE

To illustrate human expertise, I present two examples, one
dealing with surgery, a modern, specialized skill performed by a
small proportion of people, and the other with hunting, a universal
skill practised in the past by most men. Surgeons go through
extensive training, which includes 4 years of medical school, 5
years of residency, and often, an additional 3-year fellowship
devoted to acquiring specific expertise within a narrow subdisci-
pline. In spite of this elaborate preparation, substantial data indi-
cate that practicing surgeons become better with experience, as
determined by objective measures of surgery success. A study of 72
surgeons who removed the prostates of 7765 prostate-cancer pa-
tients examined the association between surgeons' prostatectomy
experience and surgery success, as measured by the standard cri-
terion of no cancer recurrence within 5 years (Vickers et al., 2008).
Because outcomes depend on the pathologic stage of the cancer,
cases were divided into early stages, inwhich the cancer is confined
to the prostate, and late stages, where cancer is spread into sur-
rounding tissue. For both stages, there was a dramatic increase in
surgery success with surgeon experience. With the early stages,
success rate went from 85% for the least experienced surgeons to
almost 100% for the most experienced surgeons, who performed
over 1500 prostatectomies (Fig. 1a).

While the prostatectomy example did not provide a within-
surgeon analysis of improvement with experience, there are
ample anecdotal data indicating that such enhancement, which
involves perfecting numerous subtle skills, is the rule (Birkmeyer
et al., 2002; Bridgewater et al., 2004; Gawande, 2002). Notably,
even expert surgeons show dramatic improvement when they have
to adopt new, superior surgical techniques. Such transitions are
often accomplished with minimal coaching. Instead, the surgeons
attain the new expertise through trial and error at an initial cost to
unlucky patients (Gawande, 2002). For example, when surgeons
started treating newborns with a severe heart defect (transposition
of the great arteries) using the ‘switch’ operation, mortality rates
were close to 30%, compared to 6% with the standard ‘senning’
procedure. Quickly, however, infant mortality with the superior
‘switch’ operation declined, resulting in close to 50% increase in
infant's expected life span with the new than with the old tech-
nique (Bull, Yates, Sarkar, Deanfield, & de Leval, 2000).

Unlike surgery, hunting among hunteregatherers is a basic task
that all men are expected to carry out. However, locating target an-
imals and hunting them using traditional tools such as bows and
arrows or spears is a very challenging undertaking. The hunter has to
be proficient at identifying animals based on visual cues, smells,
sounds, tracks and scats, knowing their habits and spatial and tem-
poral availabilities, and interpreting tracks and other cues indicating
relevant information including age, sex, body condition, activities
and vulnerabilities (Liebenberg, Louw, & Elbroch, 2010). The hunter
then has to stealthily approach his target from the optimal direction
and route while considering wind direction and intervening vege-
tation.When shooting an arrow, the hunter again has to consider the
intervening vegetation as well as wind speed and direction. He then
has to correctly calculate the arrow trajectory, which requires sub-
stantial experience with applying the proper force and angle
(MacDonald, 2007; Walker, Hill, Kaplan, & McMillan, 2002). Finally,
the construction of bows and arrows involves extensive technical
knowledge, complex manufacturing skills and superb sensorimotor
coordination (Gonz�alez-Ruibal, Hernando, & Politis, 2011). For
example, early in the 20th century, Lothrop (1928) documented the
painstaking process of bow and arrow construction among the
hunteregatherers of Tierra del Fuego.While only a fewhighly skilled
artisans constructed the bows, mostmenmade their own arrows. To
make the arrows, they had to first collect six distinct materials from
the beach, plains and mountains, and then use seven different tools
during a 14-step manufacturing process.

Several studies of hunteregatherers including the Gidra Pap-
uans of lowland Papua New Guinea (Ohtsuka, 1989), the Ache of
eastern Paraguay (Walker et al., 2002), the Machiguenga and Piro of
southeastern Peru (Gurven & Kaplan, 2006), Tsimane of lowland
Bolivia (Gurven, Kaplan, & Gutierrez, 2006) and the Hadza of
northern Tanzania (Blurton Jones & Marlowe, 2002) quantified
hunting success as a function of age. The common finding in all
these studies is that men reach peak hunting performance between
their mid-30s to upper 40s (Fig. 1b) and that the main factor
explaining this relatively late-life peak is the gradual increase in
hunting expertise.

Features of Expertise

The above examples of human expertise (Fig. 1) focused on
performance as a function of experience as this is the defining
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feature of expertise. What are, however, the general characteristics
that distinguish experts from novices? While some aspects of
expertise are unique to specific domains, one can readily list a core
set of general features (Table 1). First, the knowledge base of ex-
perts is extensive and is often based on the acquisition of relevant
information over decades. For example, human infants initiate a
long process of learning a rich language that includes a vocabulary
of 50 000e100 000 words by midlife (Clark, 2009).

Second, experts effectively have an expanded working memory
because they can overcome the limited capacity of working mem-
ory by integrating it with long-term memory (Ericsson & Kintsch,
1995). Practically, this means that experts can handle a greater
amount of information within their expertise at any given time
than novices (see Mechanisms of Expertise below). For example,
when chess players differing in skill levels were asked to scan a
mid-game chess board for a few seconds and then reconstruct from
memory the locations of all pieces, novices correctly recalled five
pieces whereas experts recalled 20 pieces (Chase & Simon, 1973;
Gobet & Simon, 1996).

Third, because experts can pay minimal attention to well prac-
ticed tasks, they can devote more attention to other, more
attention-demanding aspects of a complex undertaking. For
example, people initiating driving lessons in a manual transmission
vehicle find it very challenging. In addition to the multiple tasks
required of a driver in an automatic transmission car, manual
transmission involves a long list of steps. For instance, shifting from
fourth to fifth gear involves the following steps: release the gas
pedal, press the clutch, shift gear lever forward, shift lever to right,
shift lever forward, release the clutch, press the accelerator down.
While this cumbersome series of coordinated hand and foot
movements initially requires significant attention, expert drivers
perform it as if it were an easy single step requiring negligible
attention (Schmidt & Lee, 2011, page 450). Consequently, they can
devote more attention to other information relevant for safe
driving. Indeed when novice and expert drivers of automatic and
manual transmission cars were asked to drive in a busy downtown
and report all instances of ‘children at play’ road signs, there was a
significant interaction between drivers' levels of expertise and
transmission type. Novice drivers of manual transmission cars
showed 13% lower sign detection rate than did novice drivers of
automatic transmission cars compared to only 4% difference be-
tween the expert treatments (Shinar, Meir, & Ben-Shoham, 1998).
In addition to having a reduced attentional load, experts rely on
their experience to optimize their attentional allocation, with more
attention devoted to either spatial locations or features with
potentially greater effects on performance (Dukas, 2002; Shaw &
Shaw, 1977).

Fourth, experts show superior situation awareness, defined as
the anticipation, perception, comprehension and projection of all
relevant elements in one's surroundings (Endsley, 2006). For
example, an analysis of pilot performance identified key features
Table 1
Major characteristics that distinguish experts within their domain of expertise from
novices

Characteristics of experts

1. Greater long-term memory
2. Enhanced working memory
3. Better allocation of attention among co-occurring subtasks
4. Superior situation awareness, defined as the anticipation, perception,

comprehension and projection of all relevant elements in one's surroundings
5. Quicker and better decisions
6. Faster, more precise and greater temporal and spatial coordination of motor

movements

See the main text for details, examples and references.
distinguishing novices from experts. Novices showed monitoring
deficiencies and difficulties in the required multitasking. They also
had poorly developed mental models of all the necessary infor-
mation required for flying and landing in new locations. Indeed an
analysis of the Aviation Safety Reporting System database indicated
that the largest single category of air-traffic incidents involved
failure to monitor or observe available information (Endsley &
Jones, 2004).

Fifth, the greater relevant knowledge in both long-term and
working memory enables experts to execute faster and better de-
cisions. For example, when novice and expert chess players
competed under time constraint (5 min games), the experts main-
tained high performance levels while the novices made more poor
moves compared to their games under standard duration
(Calderwood, Klein, & Crandall, 1988).

Sixth, experts performmotor tasks with greater speed, precision
and temporal and spatial coordination (Diedrichsen & Kornysheva,
2015; Schmidt& Lee, 2011). For example, professional pianists have
higher maximum finger-tapping rates, greater spatial precision and
higher timing accuracy than amateur pianists (Krampe, Engbert, &
Kliegl, 2002; Telford & Spangler, 1935). Finally, it is worth empha-
sizing that expertise is always domain specific because it requires
extensive training within that domain, which typically lasts a sig-
nificant portion of one's lifetime. For example, we do not expect top
chess players to perform above average in either a piano recital or
in surgery.

Factors Other Than Experience

The extensive data on human expertise are compelling (Ericsson
et al., 2006). Given the nature of expertise, however, the research
often involves either a comparison between experts and matched
nonexperts, or an assessment of groups that differ in either age or
somemeasure of cumulative practice. That is, one cannot randomly
assign human subjects to expert and nonexpert treatments and
then record their performance over many years. Consequently,
many expertise studies suffer from sample selection biases
(Heckman, 1979). For example, starting with a random group of
novices, the individuals not progressing well will be more likely to
drop out. Hence, the apparent effects of extensive experience are
positively correlated with other traits that influence individual
performance and rate of improvement including motivation, effort,
cognitive abilities, perseverance and anatomical, physiological or
morphological features. The best way to address this issue is to
conduct a proper experiment with an appropriate model species in
which subjects are randomly assigned to expert and nonexpert
treatments. Additionally, we should adopt an integrative approach
that thoroughly assesses all the characteristics associated with
expertise (see Determinants of Individual Variation in Expertise
below). There is no doubt that expertise requires extensive prac-
tice, so it is not surprising that the effects of practice have domi-
nated psychological analyses of expertise (Ericsson et al., 1993;
Ericsson & Pool, 2016). An evolutionary biological analysis of
expertise, however, requires us to broadly assess the functional and
mechanistic bases of individual variation in all the characteristics
that determine the acquisition rates and peak levels of expertise.

EXPERTISE IN OTHER SPECIES

Manycarnivores attempt to capture prey that is similar to, or even
exceeds, them in size, speed, power and cognitive abilities. As noted
above for human hunting, capturing such prey is a highly complex
task that requires integration of numerous cognitive and motor
skills. A long-term study of wolves, Canis lupus, huntingmoose, Alces
alces, in the Scandinavian peninsula assessed major factors that
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determined the predators' success rate. The wolf packs in Scandi-
navia typically consist of a breeding pair and their offspring. The
young reachmaximumbody size anddisperse in theirfirst or second
year. The age of the breedingmale was the only significant predictor
of moose hunting success, with males increasing their performance
by over 50% from age 2 to age 5 (Fig. 2a). The effect of age was sig-
nificant for males and not females most likely because males are
about 30% larger than females and dominate moose hunting (Sand,
Wikenros, Wabakken, & Liberg, 2006). Another long-term study of
wolves hunting elk, Cervus elaphus, in Yellowstone National Park,
U.S.A. focused on senescence but had relevant early life performance
data. In that study, hunting success showed a large increase early in
life, peaking at ages 2e3years and then initiating a decline attributed
to senescence (MacNulty et al., 2009). Finally, a long-term study of
another carnivore, the spotted hyaena, Crocuta crocuta, also docu-
mented gradual increases in success rates of hunting largemammals
with age,with success rates in solo hunts increasing fromabout 8% at
age 3 to 50% at age 10 (Fig. 2b; Holekamp, Smale, Berg, & Cooper,
1997). Many bird studies have also reported a gradual increase in
either foraging performance (Daunt, Afanasyev, Adam, Croxall, &
Wanless, 2007; Desrochers, 1992; Fayet et al., 2015) or reproduc-
tive success (Leach& Sedinger, 2016; Reid,1988;Wooler et al., 1990)
with age, and the gradual accumulation of expertise is a primary
explanation for that pattern.
Factors Other Than Experience

In addition to the effect of experience, other factors can explain
increased performancewith age. Such features have been addressed
in a variety of studies. First, higher mortality rates of lesser quality
individuals effectively create sample selection bias such that older
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Figure 2. (a) The average ± SE successful moose hunts of male (black) and female
(white) wolves as a function of their age. From Sand et al. (2006). (b) The percentage of
successful solo hunts of large mammals as a function of age in spotted hyaenas. Data
from Holekamp et al. (1997).
individuals are of higher quality and hence show superior perfor-
mance. For example, migratory performance of many birds shows
apparent improvement with agewhen compared across individuals.
In black kites, Milvus migrans, some of that change was indeed
attributed to selective mortality. A within-individual comparison,
however, revealed genuine individual improvement with age
(Figure 2 in Sergio et al., 2014). Second, increased age may be asso-
ciated with anatomical, morphological and physiological changes
that enhance performance. Such changes, however, typically
contribute to peak performance relatively soon after sexualmaturity.
For example,while hunting success in theTsimanepeople of lowland
Bolivia peaked around age 45, physical strength peaked in their late
20s and started to decline after age 30 (Gurven et al., 2006). Third,
individuals may increase their effort with age. From a life history
perspective, effort is the current investment into activities related to
reproduction that reduces future survival or reproduction (Stearns,
1992). Both theory (Fagen, 1972; Roff, 2002; Taylor, 1991) and data
(e.g. Hoffman, Higham, Mas-Rivera, Ayala, & Maestripieri, 2010;
Pugesek, 1981; Reid, 1988; Yoccoz, Mysterud, Langvatn, & Stenseth,
2002) provide mixed findings about age-specific effort. Given the
likely contribution of a few factors to the change inperformance over
time, it is sensible that we take a comprehensive approach when
assessing the long-term effects of practice on performance.

In my own laboratory's work, we indeed considered all the
major factors that could explain the observed increase in foraging
performance with experience in honey bees, Apis mellifera (Fig. 3).
First, under natural settings, within-individual analyses indicated
that bees' net rate of food delivery to the colony increased signifi-
cantly with experience. Foraging performance doubled from the
first day of foraging to the sixth day (Fig. 3a). The mean life span of
foragers was only 7 days. These data are consistent with a large
body of literature indicating that bees learn a variety of skills that
can gradually improve their performance, including spatial orien-
tation (Collett & Collett, 2002; Degen et al., 2016; Dyer, 1998) and
flower handling (Durisko, Shipp, & Dukas, 2011; Laverty &
Plowright, 1988; Reinhardt, 1952). The analysis across individuals,
which also included foragers that lived longer than 7 days, revealed
a similar pattern with the additional finding of a large decline in
performance by older bees (Dukas & Visscher, 1994). In a follow-up
study, we directly linked this decline to senescence (Dukas, 2008b).
Second, to quantify physiological measures of performance, we
analysed flight metabolic rates and flight muscle biochemistry
throughout bees' life span. While bees had a large increase in
measures of flight physiology before becoming foragers, they
showed no further increase with foraging experience (Fig. 3b;
Schippers, Dukas, & McClelland, 2010). Third, to assess the role of
effort, we let bees collect ‘nectar’ from a feeder, a task that required
little learning. Under these conditions, repeated measures of the
same foragers indicated a performance increase over the bees' first
few trips on day 1 but no further increase over 8 days (Fig. 3c;
Dukas, 2008c). That is, there was no evidence for a gradual increase
in performance at the feeder over several days. In contrast, bees
foraging in challenging natural settings at the same location did
show a gradual improvement over a few days (Dukas, 2008a).
Overall, while we controlled for selection bias through repeated
measures of the same individuals, bees showed a gradual increase
in performance with experience. Complex skill acquisition was the
only factor that could explain the results. Effort and physiology
played negligible roles, except that physiology gradually declined,
counteracting the increase in performance attributed to expertise.

MECHANISMS OF EXPERTISE

Expertise results from the effective integration of numerous
heavily practiced tasks within a domain. It is thus possible that
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expertise is merely the emergent property of extensive learning
and memory. An examination of the major features of expertise
(Table 1) indeed indicates that all may be the product of learning
and memory. Learning can readily explain the greater long-term
(Dudai, 1997; Landauer, 1986) and working memory (Ericsson &
Kintsch, 1995) of experts. Attentional requirements on most tasks
decrease with learning (Pashler, Johnston, & Ruthruff, 2001).
Learning can allow one to anticipate certain events, focus attention
on relevant features, comprehend a dynamic, complex scene and
reach a decision quickly (Endsley, 2006). Finally, there is a well-
known association between learning and superior motor control
(Schmidt & Lee, 2011). A nonmutually exclusive alternative is that
specific mechanisms enable the rapid, fluent, resourceful, well-
coordinated, automatic-like action characterizing expert perfor-
mance. Perhaps the top candidate mechanisms are the ones un-
derlying chunking and automaticity.

Chunking involves organizing a set of elements into groups
(chunks) based on known associations within each group (Gobet
et al., 2001; Miller, 1956; Simon, 1974). Chunking can be quanti-
fied based on the fact that there is a stronger associationwithin than
between chunks. Hence in tests ofmemory recall, inter-item latency
is shorter and inter-item accuracy is higher within than between
chunks (e.g. Chase& Simon,1973; Diedrichsen& Kornysheva, 2015;
McLean & Gregg, 1967). Because chunking is based on familiarity,
one can increase chunk sizewith experience. Chunking is important
because it overcomes the severe limits of attention and working
memory: we can devote little attention to familiar chunks, so larger
chunks imply that we are free to attend to more information at any
given time. Similarly, because working memory can hold only
several items at any given time, larger chunks mean that we can
better handle complex situations that require rapid evaluation of
large amounts of information. Moreover, we can quickly scan and
later accurately recall a set of chunks, but we require a much longer
learning duration for memorizing with the same recall accuracy a
set of unfamiliar groups with the same number of items (Fig. 4).
Some studies have examined the neurobiological correlates of
chunking (Diedrichsen&Kornysheva, 2015; Jin, Tecuapetla,&Costa,
2014; Matsuzaka, Picard,& Strick, 2007), but the exact mechanisms
that enable it are not known. Similarly, several laboratories have
documented that the development of expertise is associated with
increased volumes of specific brain regions. Examples include
exceptional navigators (Woollett & Maguire, 2011) and musicians
(Elbert, Pantev, Wienbruch, Rockstroh, & Taub, 1995; Münte,
Altenmüller, & J€ancke, 2002; Pantev et al., 1998). Such brain plas-
ticity, however, has not been directly linked to chunking.

The development of expertise is accompanied by a gradual
transition into task execution that requires substantially less
attention and working memory. That is, while novices rely on slow,
effortful cognitive processes, experts employ autonomous control
(Anderson, 2000; Logan,1988; Servant, Cassey,Woodman,& Logan,
2017; Shiffrin& Schneider, 1977). For example, when children learn
basic addition, they start by the effortful process of successively
incrementing a counter (e.g. Question: what is 3 þ 2? Process / 3,
4, 5. Answer: 5). With experience, however, children can rapidly
recall from long-term memory the answer (e.g. Question: what is
3 þ 2? Answer: 5) (Ashcraft, 1982). Other highly familiar examples
include the development of reading expertise, during which the
identification of individual letters and many words becomes
automatic (LaBerge& Samuels, 1974), and driving manual shift cars
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discussed above (in the subsection, Features of Expertise). There
has been relatively little neurobiological research on automatic
processing (Servant et al., 2017; Vatansever, Menon, & Stamatakis,
2017; Yarrow, Brown, & Krakauer, 2009), and the mechanisms
underlying it are unknown. It is possible that the extensive research
on habit learning can provide insights into the mechanisms that
produce automatic processing (Ashby, Turner, & Horvitz, 2010;
Seger & Spiering, 2011; Yin & Knowlton, 2006).

As noted above, features of expertise including chunking and
automatic processing may only be the emergent property of pro-
longed learning and the associated immense memory. Even in this
feasible case, however, we need to explain the mechanisms that
generate the brain's remarkable ability to integrate an enormous
amount of information to produce expert performance. That is, the
fact that learning more produces experts that (1) know more with
no apparent upper limit to their knowledge base, (2) retrieve
relevant information faster and (3) make superior decisions is not
obvious. One can readily imagine an alternative, where learning
new information results in forgetting older but still relevant in-
formation, memory interference, confusion and slower decisions.
Indeed there is vast literature on memory interference under
experimental conditions (Anderson, 2000; Spear & Riccio, 1994),
but experts within their domain of expertise are resistant to such
interference. That is, it is likely that, in addition to the heritable
variation in traits such as learning and memory, individual varia-
tion in expertise is determined by heritable variation in additional
features discussed in the next section.

DETERMINANTS OF INDIVIDUAL VARIATION IN EXPERTISE

We can gain a deeper understanding of the evolutionary biology
of expertise from information about individual variation in the rate
of expertise acquisition and peak performance, as well as the
mechanisms that generate and maintain that variation. The pre-
requisite for expertise is extensive knowledge within a narrow
discipline acquired over long periods of practice. Hence, traits
influencing practice rate, learning rate and the organization and
retention of memory must be important. A somewhat related,
relevant, trait is perseverance, defined as persistence in a course of
action despite difficulty or with little or no indication of success.
Finally, expertise in domains requiring speed, endurance or power
can be boosted by exceptional physiological, anatomical or
morphological traits. I discuss these characteristics below and then
follow with a synthesis.

Practice

If we compare same-age expert and novice adult humans, the
most obvious difference between them is the amount of domain-
specific practice. By mid-age, experts may have accumulated tens
of thousands of hours of relevant experience while novices may
have gained no pertinent knowledge. Indeed, in domains such as
music performance and chess, there is a positive correlation be-
tween the amount of practice and level of expertise (Ericsson et al.,
1993). While practice is necessary for expertise development, it is
not sufficient. A necessary condition is that one is motivated to
improve, attends to feedback and new relevant information and
uses them to enhance subsequent performance (Ericsson et al.,
1993; Ericsson & Pool, 2016). Two factors that increase the quality
of practice in sports aremaking the task seem important and setting
goals (Schmidt & Lee, 2011). In humans, coaches may provide such
guidance, but parents or peers in many species can readily convey
importance and goals. Parents, siblings and other conspecifics may
also provide social facilitation through both encouragement and
competitive interactions (Berger, 2016; Zajonc, 1965).
Although thepositive correlation between the amount of practice
and expertise is reassuring, it does not showcausation. Nevertheless,
controlled experiments on skill development, which typically assess
relatively short-term improvement on a novel task, reveal a highly
consistent, strong association between performance and practice.
Performance shows an increasing, decelerating function that is well
described by a simple power function, Pe ¼ aPr

b, where Pe is some
relevant measure of performance, Pr is the amount of practice, and a
and b are constants (Anderson, 2015; Newell & Rosenbloom, 1981;
Schmidt & Lee, 2011). There are few controlled, long-term studies
of skill development in nonhumans. A notable exception involves
two baboons, Papio papio, trainedwith an increasingly large number
of pictureeresponse associations over 3.5 years and close to 300 000
training trials. The baboons reached amemory set size of about 6000
unique pictures with an average correct response of approximately
80%, much above the chance level of 50%. At that point, they showed
no asymptote in their performance (Fagot & Cook, 2006). In short,
practice combined with the ability and motivation to improve in-
creases performance. As with most other organic traits (Polderman
et al., 2015), individuals show heritable variation in traits influ-
encing practice. For example, a large study involving over 10 000
Swedish twins reported heritability of 40e70% in individuals' incli-
nation to practise music. An important feature affecting practice is
perseverance, which is discussed next.

Perseverance

It seems challenging to persist when practice is difficult, and the
hard work does not produce immediate apparent reward. Although
both Darwin (1869, quoted in Galton, 1908) and Galton (1869)
recognized the importance of zeal and hard work for achieving
top performance, perseverance has received scant attention until
recently (Duckworth, 2016; Duckworth, Peterson, Matthews, &
Kelly, 2007; Fernald, 1912; Lufi & Cohen, 1987). It is probably
helpful to make a clear distinction between perseverance and
motivation. Motivation is a desire to do something to gain a reward.
For example, one would expect a positive correlation between an
individual's hunger level and its motivation to work to obtain food
(Rolls, 2014). Perseverance means maintaining high levels of
motivation and consequent work despite difficulties. For example,
we would expect to find large individual variation in the number of
attempts one directs towards attaining an attractive food item
placed beyond a transparent barrier while controlling for obvious
variables such as satiation and age. In humans, twin analyses
indicate moderate heritability of 37% for perseverance and a high
positive correlation with the related personality trait of conscien-
tiousness (Rimfeld, Kovas, Dale, & Plomin, 2016). In nonhumans,
there has been little research about perseverance, although a few
studies have mentioned it, mostly in the context of succeeding in
challenging tasks such as handling complex flowers (Heinrich,
1979; Muth, Keasar, & Dornhaus, 2015) or solving novel human-
created problems (Griffin & Guez, 2014).

It is likely that perseverance is affected by individual variation in
the internal rewards gained from practice, learning and tackling
challenges. For example, both mice and humans show heritable
variation in spontaneous physical activity (Garland et al., 2011;
Stubbe & Geus, 2009). The internal rewards obtained from exer-
cise such as running are mediated by dopamine and endocanna-
binoids (Fuss et al., 2015; Garland et al., 2011). Hence, genetic
variation in the dopamine and endocannabinoid systems (Dincheva
et al., 2015; Klein et al., 2007; Krugel, Biele, Mohr, Li, & Heekeren,
2009) can affect the magnitude of pleasure derived from con-
ducting and improving on challenging physical and perhaps
cognitive activities. Furthermore, genetic variation in pain percep-
tion (Mogil, 2012; Mogil et al., 1999; Nielsen et al., 2008) and
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Figure 5. The association between the I and D alleles of the human angiotensin-
converting enzyme (ACE) gene and athletic performance. (a) The distribution of the
ACE alleles among 25 high-altitude climbers and 1906 control individuals. (b)
Mean ± SE improvement in duration of repetitive elbow flexion after 10 weeks of
training among British army recruits as a function of their ACE alleles. Data from
Montgomery et al. (1998).
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endogenous mechanisms of pain relief (Somogyi, Barratt, & Coller,
2007) can influence persistence in types of practice involving
physical discomfort. Another key factor that determines an in-
dividual's ability to improve performance is its cognitive system,
defined as the structures and processes concerned with the
acquisition, retention and use of information (Dukas, 2004, 2017).

Cognitive Abilities

Individuals show moderate heritable variation in cognitive
features. Studies in a variety of species from insects to mammals
have documented heritable individual variation in learning
(reviewed in Croston, Branch, Kozlovsky, Dukas, & Pravosudov,
2015; Dukas, 2004; Fuller & Thompson, 1978). In humans, the
best available data are for intelligence, defined as the set of
cognitive skills and knowledge associated with success in one's
society (Hunt, 2010). A large body of literature indicates heritable
individual variation in intelligence (Deary, 2012; Deary, Johnson, &
Houlihan, 2009; Hunt, 2010; Plomin & Spinath, 2002). Similarly,
there is heritable variation in both long-term memory (McClearn
et al., 1997; Papassotiropoulos & de Quervain, 2011) and working
memory (Ando, Ono, & Wright, 2001; Luciano et al., 2001;
Posthuma et al., 2002). Heritable variation in traits linked to in-
telligence can be detected in infants. Moreover, infants' cognitive
abilities in the first half year of life in the domains of attention,
processing speed and memory are positively correlated with in-
telligence and academic achievement during childhood and young
adulthood (Bornstein, 2014; Fagan, Holland, & Wheeler, 2007;
McCall & Carriger, 1993; Rose, Feldman, & Jankowski, 2012).
There are probably numerous single-nucleotide polymorphisms
(SNPs) linked to intelligence, with each SNP contributing only a
small fraction to the observed genetic variation. While several
studies reported on SNPs linked to specific cognitive abilities, most
of these findings have not beenwell replicated (Chabris et al., 2012,
2015; Plomin, Kennedy, & Craig, 2006).

Exceptional Physiology, Anatomy or Morphology

Young individuals developing a skill are more likely to persist if
their success rate is high. One feature that can contribute to higher
success is superior physiology, anatomy or morphology. In humans,
there is moderate heritable variation in maximal oxygen uptake
(VO2max) and muscle strength and their responses to training, as
well as anaerobic capacity, the relative proportions of skeletal
muscle fibre types, and both motor performance and motor
learning (Bouchard et al., 1998, 1999; Costa et al., 2012; Fox,
Hershberger, & Bouchard, 1996; MacArthur & North, 2005;
Tucker & Collins, 2012). Furthermore, allelic variation in over 200
genes has been linked to performance enhancement. Traits affected
by these genes include blood flow to muscles, muscle structure,
oxygen transport, lactate turnover and energy production and
utilization (Gonzalez-Freire et al., 2009; MacArthur& North, 2005).
For example, the human angiotensin-converting enzyme (ACE)
gene has two common alleles. The insertion (I) allele is associated
with lower activity of tissue ACE than the deletion (D) allele. A few
studies have documented an excess of the I allele among elite
endurance performers in both sports and high-altitude climbing
(Berman & North, 2010; Montgomery et al., 1998; Myerson et al.,
1999; Ostrander, Huson, & Ostrander, 2009). Furthermore, an
experiment with British army recruits subjected to a 10-week
physical training programme revealed an 11 times higher
improvement in endurance in the II than DD carriers (Fig. 5)
(Montgomery et al., 1998). Finally, it is important to note that
extensive practice often leads to physiological, anatomical or
morphological changes that contribute to superior expert
performance. For example, tennis players have significantly greater
bone mineral density in their playing arm than in their nonplaying
arm compared to controls (Haapasalo et al., 2000; Huddleston,
Rockwell, Kulund, & Harrison, 1980; Kannus et al., 1995). That is,
there is synergy among the factors that contribute to expertise.

Synthesis

It is likely that complex interactions among the features dis-
cussed above determine individual variation in the attainment of
expertise. Many types of expertise begin to develop early in life.
Examples include song learning in songbirds, language acquisition
in humans and hunting in carnivorous birds and mammals. Play in
a variety of species can also contribute to the development of
expertise (Bateson & Martin, 2013; Byers & Walker, 1995; Caro,
1988). Hence, individual variation in cognitive, motivational,
physiological and physical features that is expressed early in life can
translate into differences in individuals' responses to challenges
and the consequent improvement trajectories. The simplest pos-
sibility is that an individual's objective or subjective assessment of
its performance generates an internal feedback loop whereby
perceived success encourages increased practice while failure leads
to settling on less challenging undertakings. Similarly, variation
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among young individuals can make them seek distinct physical or
social environments that either promote their strengths or mask
their weaknesses. In species with parental care, the parental
environment as well as feedback from parents can create settings
that contribute to enhanced performance. Some of these possibil-
ities can be examined with the genotypeeenvironment correlation
approach from behavioural genetics, which distinguishes among
three types of such correlation. Passive correlation refers to the fact
that offspring and parents are genetically related and thus there can
be a positive association between the offspring genotypes and the
environment created by their parents. Reactive correlation means
that reaction from the social environment depends on the offspring
genotypes. Finally, active correlation implies that offspring seek an
environment conducive to their genotype (Krapohl et al., 2017;
Plomin, DeFries, & Loehlin, 1977). Edelaar, Siepielski, and Clobert
(2008) term active correlation ‘matching habitat choice’ and
discuss its evolutionary consequences.

CONCLUSIONS, PROSPECTS AND TESTABLE PREDICTIONS

Expertise has been studied for a few decades (e.g. Anderson,
1981; Bloom, 1985; Larkin, McDermont, Simon, & Simon, 1980;
Simon & Chase, 1973), and explicit use of the term became preva-
lent late in the 20th Century (Chi, Glaser, & Farr, 1988; Ericsson &
Lehmann, 1996; Ericsson & Smith, 1991). The research on exper-
tise, however, has been primarily restricted to human subjects
within the discipline of psychology, even though its relevance to
nonhumans has long been appreciated (Dukas, 1998b; Helton,
2008). Is it possible that expertise is unique to humans? As dis-
cussed in the section on expertise in other species, fundamental
biological considerations indicate that the same three general fac-
tors determine the age-specific performance in most animals
(Dukas, 2008c; Stearns, 1992). The first factor is the gradual accu-
mulation of skills and knowledge through learning. The second
feature is the effort devoted to both performing a given task and to
improving task execution. Finally, age-related changes in anatomy,
morphology and physiology of relevant features can affect perfor-
mance. These features typically reach peak at or soon after sexual
maturity and later show slow, but accelerating, decline with ageing
(Dukas, 2008c; Kirkwood & Austad, 2000; Rose, 1991). The com-
bined outcome of the three factors generates a pattern of low
performance early in life, high midlife achievement and a decline
later in life. The exact age of peak performance and the magnitude
of subsequent decline varies depending on the relative contribu-
tions of the three factors. For example, types of human expertise
that require top speeds peak during the third decade of life, while
kinds that rely on extensive experience and slow deliberation peak
much later (Ericsson & Charness, 1994; Grossmann et al., 2010;
Tanaka & Seals, 2008).

Analyses of expertise are relevant for most animals and we
currently know of no neurobiological mechanism that is unique to
human expertise. Nevertheless, it is possible that some features of
expertise have a limited taxonomic distribution. First, by definition,
expertise requires the acquisition of specific skills and knowledge
that enable top performance on a complex task. This means that
young individuals have to devote substantial time for expertise
development. The majority of animals, however, have very short
life spans, which severely limit the opportunity for mastering
complex tasks. Moreover, young individuals in most species do not
receive parental care, meaning that they cannot indulge in exten-
sive practice while under parental provisioning and protection.
Finally, parents are themost accessible and relevant source of social
information, which can significantly boost expertise acquisition
(Dukas, 2017). Only a small fraction of species, however, have
parental care. That is, long-lived species with parental care can
likely obtain high levels of expertise distinct from those of short-
lived species with no parental care.

The likelihood that long-lived species with parental care can
attain superior levels of expertise leads to a related, second possi-
bility. Selection pressures associated with increased life span,
parental care and the greater opportunities to acquire expertise
may have led to the evolution of unique mechanisms of expertise.
Indeed, two whole genome duplication events early in the evolu-
tion of vertebrates (Putnam et al., 2008) have led to gene expansion
in many synaptic gene families and expanded neuronal complexity
in that lineage (Emes & Grant, 2012; Ryan & Grant, 2009; Van de
Peer, Maere, & Meyer, 2009). Hence, we will need to conduct
comparative experimental analyses to find out whether some
mechanisms of expertise are unique to a limited range of taxa.
Regardless of the outcomes of such analyses, it is important that we
appreciate the fact that even species that live relatively short lives
still have ample opportunities to acquire expertise. We cannot,
however, assess peak expert performance if we do not allow in-
dividuals the time and opportunities to acquire their expertise,
which must be linked to their natural history. That is, if we either
test only young individuals or use an artificial laboratory protocol,
we may grossly underestimate a species' ability. Hence we should
devote more research effort to quantifying the development of
expertise by individuals in their natural settings.

Prospects and Testable Predictions

The field of animal behaviour can benefit from a concentrated
effort devoted to research on the mechanisms, ecology and evolu-
tionary biology of expertise as well as the effects of expertise on
animal ecology and evolution. On the mechanistic side, a promising
research direction involves the dramatic changes in information
processing with skill acquisition.While terms such as chunking and
automaticity have been used for decades (see Mechanisms of
Expertise), we do not understand the neurobiological mechanisms
that generate them. There has been insightful research on mecha-
nisms of chunking in animal models such as monkeys and mice (Jin
et al., 2014; Matsuzaka et al., 2007). Perhaps, however, a more
fruitful approach would be to focus on simpler and more trackable
model systems such as fruit flies or bees. On the evolutionary
ecological side, the main inquiry should involve quantifying genetic
variation in the rates of expertise acquisition and peak performance,
and their fitness consequences. This can also lead to genomic and
neurobiological work on the mechanisms that generate expertise.

Aspects of expertise reviewed above are relevant to many
research areas in animal behaviour. Hence, using the expertise
approach can generate insightful research directions. I will illustrate
this with three examples. First, there has been substantial research
on the adaptive use of spatial memory in food-caching birds (e.g.
Krebs, Sherry, Healy, Perry, & Vaccarino, 1989; Pravosudov & Roth,
2013). It is likely that, with practice, individual birds become ex-
perts at seed caching and retrieval. That is, I propose that there will
be a positive correlation between a bird's age and the proportion of
cached, marked seeds that it retrieves. Second, while issues of
learning, intelligence and brain size have been studied extensively
in animal behaviour, perseverance has received little attention.
Persistent, high-quality practice, however, is essential for expertise
development. We should thus address questions regarding herita-
ble individual variation in perseverance and its effects on fitness.
Besides the intuitive prediction that perseverance will be positively
associatedwith relevantmeasures of success, one can imaginemore
nuanced possibilities whereby perseverance is a highly plastic trait
that varies based on expected benefits and costs that differ among
individuals and environments. For example, it may not be optimal
for individuals of either low quality or expected short life span to
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persevere in expertise development (seeDaly&Wilson, 2005; R�eale
et al., 2010). Finally, research on animal groups and their social in-
teractions has been highly illuminating (e.g. Allee, 1931; Krause &
Ruxton, 2002; Ward & Webster, 2016). An intriguing phenomenon
in human social groups that is highly relevant to other species is the
development of group expertise. That is, when individuals are
placed together, for example, in a factory assembly line, they showa
gradual improvement in performancemeasures including increases
in production rates and product quality and a decrease in accident
rates. At least some of this enhancement can be attributed to
changes in communication and social dynamics that enhance co-
ordination and efficiency of the production process (Argote& Epple,
1990). Such a pattern has not been documented in nonhuman
species but can be highly relevant for species that form long-lasting
groups. In such species, I expect to find a long-term improvement in
measures such as group hunting success and injury rates.

Research on expertise can also provide ecological and evolu-
tionary insights. Many species consist of individuals whose niches
are small subsets of the population niche. There has recently been
increased interest in understanding the causes and consequences
of such within-species variation in niche (Araújo, Bolnick, &
Layman, 2011; Bolnick et al., 2003, 2011; Ingram, Costa-Pereira, &
Araújo, 2018; Wennersten & Forsman, 2012). At least three aspects
of expertise are major contributors to individual variation in niche.
First, expertise often implies specialization because it takes a long
time and extensive practice to develop. Second, variation in cu-
mulative practice, which is moderately positively correlated with
age, generates wide individual variation in measures of perfor-
mance. Third, individual variation in traits determining expertise
including learning ability, working memory capacity and perse-
verance, generates individual variation in expertise. Hence, exam-
ining the effects of expertise on individual variation in niche can
help us understand ecological and evolutionary dynamics.
Furthermore, studying expertise can help us understand the evo-
lution of cognitive abilities and intelligence. Selection on greater
expertise may have led to a positive evolutionary feedback
enhancing cognitive traits and altering life history characteristics.
Because greater expertise can lead to greater fitness, there may
have been selection for longer life spans, which allowmore time for
attaining expertise. In turn, longer life may have increased the value
of investment in structures that enable greater expertise as well as
providing, through parental care, the time, resources and safety
that allow offspring to initiate expertise acquisition (Dukas, 2017).

In summary, expertise acquisition is a major yet neglected ani-
mal life history trait. Both expert performance and the features
associated with it can be well characterized and quantified. Future
work should focus on heritable variation in mechanisms that
determine expertise acquisition and peak performance, the
neurobiological mechanisms that enable expertise, the fitness
consequences of traits contributing to top expert performance and
the ecological and evolutionary consequences of expertise.
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