
Trends in

TICS 2499 No. of Pages 16
Cognitive Sciences OPEN ACCESS
Review
Wayfinding across ocean and tundra: what
traditional cultures teach us about navigation
Pablo Fernandez-Velasco1,2,* and Hugo J. Spiers1,*
Highlights
Studies of navigation in traditional
cultures are reviewed and key insights
provided.

Traditional navigation methods often rely
on deep understanding of patterns in the
environment combined with physical
artefacts that aid learning and dissemina-
tion of knowledge.

The diverse elements involved in a navi-
gational process all operate within a
larger interrelated information system
that is adapted to the local environment.
Research on human navigation by psychologists and neuroscientists has come
mainly from a limited range of environments and participants inhabiting western
countries. By contrast, numerous anthropological accounts illustrate the diverse
ways inwhich cultures adapt to their surrounding environment to navigate. Here, we
provide an overview of these studies and relate them to cognitive science research.
The diversity of cues in traditional navigation is much higher and multimodal
compared with navigation experiments in the laboratory. It typically involves an
integrated system of methods, drawing on a detailed understanding of the environ-
mental cues, specific tools, and forms part of a broader cultural system. We high-
light recent methodological developments for measuring navigation skill and
modelling behaviour that will aid future research into how culture and environment
shape human navigation.
Novel methods for data analysis and
modelling provide new opportunities for
understanding how culture and environ-
ment shape navigation skill.
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The diversity of human navigation
Finding his way in the Yukon Flats of northern Alaska, the Gwich’in Elder Paul Herbert uses an un-
usual strategy. He looks at the night sky and projects different stars onto attributes of the mythical
fox-like creature Yahdii. The stars form the tail, leg, or snout of Yahdii, each pointing to different
regions of the flatlands, guiding the traveller when no path or landmarks are available [1].

The Gwich’in celestial scheme is paradigmatic of most traditional navigation in that it is both local
and inseparable from a larger cultural system: to use it one must learn particular constellations,
placenames, and mythology. Using such systems, humans show remarkable feats of navigation
across a variety of environments, from trekking dense tundra, to sailing vast oceans, to negotiating
the streets of sprawling cities. Humans exploit a rich diversity of strategies to achieve this. While ex-
perimental research in the laboratory has helped uncover the cognitive features and brain systems
underlying navigation [2,3], most studies test western participants in highly controlled settings and,
thus, ignore the heterogeneity of cultures and environments that humans navigate.

Laboratory-based studies of human navigation have taught us much about the different strategies
used, existing biases, and the impact of demographic factors on navigation ability [2,4,5]. In particular,
virtual reality (VR) has proved a useful tool to manipulate environments and provide insight into the
neural basis of navigation [2,6–8]. In parallel, a variety of studies have examined real-world navigation
experience, often with university students navigating local terrain [9–14]. Such empirical studies have
helped reveal the different forms that navigation can take (wayfinding/path integration; see
Glossary), reference frame use (egocentric/allocentric), different strategies used (map based/
landmark oriented), and the engagement of different brain regions [2,15]. However, the environ-
ments used often require a limited range and the participants are often university students. While
many cognitive scientists will have encountered descriptions of exceptional navigators who use tradi-
tional techniques, such descriptions are rarely presented in a way that allows for integration with their
research. Here, we seek to aid such integration.
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Glossary
Action-oriented knowledge:
knowledge that defies linguistic
expression. An example is the
kinaesthetic knowledge of the motion of
a canoe, which is hard to put into words.
Action-oriented knowledge is
widespread in navigational culture, and
poses a problem for cognitive
anthropology, which has traditionally
relied on language as ameans to access
people’s cognitive processes.
Allocentric reference frame: spatial
representation in which the locations of
objects are not coded in relation to the
observer but in relation to other objects
and to global landmarks (e.g., where the
table is relative to the couch, or where
the local museum is relative to the
North).
Durable media: transformations of the
environment that can aid navigation, but
that only work within their original
emplacement. Examples are certain
forms of rock art that contain not only
geographic information about the
surrounding environment, but also
signage, trail-breaking, or trail-marking.
Egocentric reference frame: spatial
representation in which the locations of
objects are coded in relation to the
observer (e.g., where the table is relative
to my viewpoint, such as left)
Information systems: structures for
the organised transmission of
information, in which different elements
are interrelated. The information systems
aiding navigation encompass internal
representations, shared bodies of
knowledge, and material structures. The
alignment of these interrelated elements
within the environment is what makes
navigation possible.
Landmark-oriented strategy: an
approach to wayfinding in which the
agent relies on visible and distinct
objects and features in the environment
(landmarks), and then uses remembered
routes between those objects to find
their way to a destination.
Map-based strategy: an approach to
wayfinding in which the agent relies on
an internal, allocentric representation of
an environment (a cognitive map), and
then uses that representation to infer
their position and find their way to a
destination. It is important to clarify that
the focus here is on human spatial
navigation, while the core ideas about
cognitive maps were developed in freely
moving rodents confined to laboratory
spaces [123–125].
In this review, we shine a light on the variability of navigation worldwide and explore the ways in
which cultures flexibly adapt to diverse environments.We explore existing anthropological research
of traditional navigation in indigenous communities, as well as ethnographic studies of navigational
traditions in subcultures within western societies, such as taxi drivers. Navigating a city, forest, or
ocean using traditional methods will place different demands on the navigator. Studies show that
different communities have developed idiosyncratic methods for solving the navigational chal-
lenges posed by their environments [1,16–19]. We conceptually organise these strategies by fo-
cussing on key aspects of navigational culture, including environmental cues, systematised
knowledge, visualisation techniques, and cognitive artefacts, across 49 populations in 30 nations.
The resulting picture is one of navigation situated in its terrain, involving a multitude of interrelated
elements. Finally, we discuss recent methodological developments enabling researchers to inte-
grate the study of traditional navigation with laboratory-based approaches.

The understanding of navigation that emerges through our review departs from the classical under-
standing in psychology in several ways. First, navigational strategies are dictated by the habitual en-
vironment encountered. In contrast to laboratory studies, the importance and interaction of
environment and culture are central to anthropological literature. Second, laboratory studies of nav-
igation generally focus solely on visual cues, often because of the need for concomitant neural re-
cording (although many early studies involved real-world navigation; e.g., [20]). Here, we show
how, in a range of cultures, different sensory modalities serve to direct the navigator to relevant en-
vironmental information to overcome local orientational challenges. There is also a general tendency
to equate navigational mastery with the command of spatial information in allocentric frames of ref-
erence, but we show that, in some cases, navigational experts rely instead on egocentric frames of
reference together with heuristic techniques that are adapted to particular environments [21]. Across
many cultures, we find the exploitation of agent–environment regularities, and how both portable
and durable tools enhance the cognitive abilities of navigators, but neither internal nor external re-
sources can be understood without reference to the larger system in which they are embedded.
All of the elements of a navigational culture are shown to work only when they operate within a larger
interrelated information system that is adapted to the local environment [17,22].

A key to success: combining multimodal environmental cues
The islands of the western Pacific contain arguably some of the most impressive navigators on
our planet. They have to be. Navigational errors in the open ocean can be fatal. Anthropological
research has explored the traditional navigation skills of sailing cultures all across the Pacific
[23]. We look first at sailing methods in the Marshall Islands (Figure 1). Traditional sea navigation
in the Marshall Islands relies on wave piloting [24]. Navigators guide their canoes by reference to
changes in swell and current patterns, which they use to determine the location of faraway
islands. During training, this embodied knowledge is combined with learning from ‘stick charts’,
made from coconut strips and cowrie shells, which model wave concepts and interrelate loca-
tions of known wave patterns, with shells indicating the location of atolls [24]. At sea, navigators
decide on an initial course based on their knowledge of the configuration of islands, and then use
changes in the rhythmic motion of the canoe to sense the transformation of wave patterns [22].
For the Marshallese, the understanding of wave patterns is a form of practical knowledge.
While there is a linguistic element to the learning and naming of wave patterns, describing the pro-
cess is a challenge because feeling the waves is primarily action oriented [25].

The use of environmental cues in a way that adapts to local orientational challenges is a recurrent
theme across cultures. Pacific Ocean navigators of different island cultures report using stars [23]
and oceanic lights (such as telapa, a lighting-like flash on the surface of the water reported by the
Taumako Islanders in the Solomon islands) to aid navigation and reorientation [17]. Importantly,
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Naturefacts: naturally occurring
structures and objects systematically
exploited for human cognitive processes
(e.g., using a seashell as a musical
instrument). These lie on the continuum
between artifacts and naturally occurring
structures, and are particularly useful for
navigation. Rather than a category of
their own, the very idea of naturefacts
perhaps highlights the many borderline
cases between the direct physical
transformation of the environment (e.g.,
rock art) and the cultural
transformation of the environment (e.g.,
the reading of cardinal directions out of
snowdrift patterns).
Path integration: ability to keep track
of relative position and orientation on the
basis of self-motion information, such as
cues from optic flow, vestibular signals,
and proprioception caused by
locomotion.
Portable media: human-made
artefacts that are carried by the navigator
and that can be passed on from person
to person, such as a compass, stick
charts, or tactile map.
Projection of imagined structures:
imagining structures that go beyond the
directly perceived features in the
environment can aid navigation.
Conceptual structures are
superimposed through mental imagery
into physical structures to facilitate
cognitive processes. The classical case
is imagining constellations out of arrays
of stars.
Systematised knowledge:
abstracted, theoretical bodies of
knowledge in which constituent
concepts bear structured relations to
each other. An example is the
hydrological system of the Evenki, in
which tributaries connect to larger rivers.
An important aspect of systematised
knowledge is that it is shared in a
community through enculturation, lore,
and physical media.
Toponymic system: system of
naming places, both particular places
and types of place. Knowing the
names of types of place helps
recognising them and communicating
about them. The name of the place
goes hand in hand with associations
for that type of place, such as the
type of landscape surrounding the
place, and the characteristic
vegetation and fauna. Often, the
placenames, and how they relate to
each other, facilitate inferences that
aid navigation (e.g., proximity to a
river).
such traditional navigators do not simply rely on one feature alone; they combine these features
with other cues, such as wind directions, stars, currents, and swell patterns [17]. When we
shift to terrestrial navigation, determining direction can be achieved in a range of ways
(Table 1). In some territories, there is an overall general inclination, so slope can be used as an ori-
entational cue, as used by the Tenejapan Tzeltal [26]; this is also a known strategy among Nova
Scotia deer hunters [27]. Different Inuit groups are famous for using the direction of the wind to
maintain a given orientation, and cloud formations, sea waves, and animal behaviour can all be
used to infer incoming shifts in the wind [28]. Snowdrift patterns can point in particular directions,
which is especially useful while navigating large extensions of flat tundra or during periods of poor
visibility [29].

A key observation across studies is the impressive multimodal nature of the cues used and their
selection dependent on the environment. The waves in Marshallese navigation are primarily
proprioceptive/vestibular cues, and the wind is primarily a haptic/auditory cue [22]. For the
Batek people in the rainforest of Malaysia, auditory cues (e.g., birdsong) can be sensory markers
of particular places [30]. The rainforest is visually impenetrable after a few metres; thus, interpret-
ing auditory cues becomes crucial, because the surrounding soundscape becomes a source of
information of potential dangers [30]. Olfactory cues can also serve as sensory markers and to
signal broader ecological events. For Hawaiians in Nu‘alolo Kai, nuanced shifts in smell corre-
spond to the ebb and flow of the tide [31], and the Pitjantjatjara people of Australia have olfactory
associations for particular landscapes, which change seasonally [32].

In sum, given that traditional navigation involves navigating diverse natural environments, the nav-
igators have developed a variety of strategies. Cues come from different modalities, and many
types of cue are used in an adaptive way. There is considerable variability in the informational
structure of each environment; thus, being able to use cues for orientation requires enculturation
and training [17,22,23]. While experimental psychology has largely focussed on clearly distin-
guishable visual landmarks [33,34], anthropological fieldwork shows the diversity of cues that
people can use to navigate, and the role of culture in mediating their use.

Systematised knowledge
On our journey westward, we consider the value that organising knowledge into a holistic system
brings the traditional navigator. We begin with a focus on the culture of the Evenki. Evenki people
are traditionally reindeer herders and, even among Siberian indigenous groups, are renowned for
their wayfinding and hunting talents [35]. At the heart of the Evenki spatial and social organisation
is their knowledge of river systems. During travel, rivers serve as landmarks, routes, and boundaries.
The Evenki always set camp by a river and, when hunting, they will wander after prey over an area
within two rivers, which partition the taiga into regions. Once the hunting is done, they can again
use the rivers to get back to camp, which turns a complex 2D problem into a 1D problem [35].

The Evenki hydrological schema is a clear example of how local systematised knowledge orga-
nises wayfinding behaviour. Importantly, knowledge of rivers is intertwined with other systematic
knowledge of land types, most clearly in their well-documented toponymic system, a typology
of landscape that hunters can use to make navigational inferences (e.g., the type of landscape
denotes its position in a river system), which can lead them to rivers [19] (see Box 1 for the inter-
play between language and spatial cognition). There is a tendency to frame traditional ecological
knowledge as practical or procedural in nature [36]; that is, as ‘knowledge how’, in contrast to the
‘knowledge that’ characteristic of western science. What the typology of landscape of the Evenki
shows is that traditional ecological knowledge is also conceptual and theoretical. It spans both
knowing that and knowing how, and both deductive and inductive reasoning (i.e., it is based
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Wayfinding: process or ability of
reaching a destination in spatially
extended environments.
Wind compass: in environments
where the wind direction and
characteristics (e.g., temperature,
moisture, etc.) tend to be stable for
certain periods (e.g., trade winds come
from a particular direction), the wind
becomes an important source of
directional information. In some cultures,
the combination of different periodically
stable wind directions is systematised to
form a 'wind compass', which is
on observation and the consequent modelling of situations), and it has a dedicated language and
methods of transmission [19]. All over the world, navigation depends on systematised knowl-
edge. Navigators in the Pacific Ocean make extensive use of celestial schema [37], and Gwich’in
people have an intricate system of inland stellar wayfinding [1]. The songlines of aboriginal cul-
tures in Australia are oral representations of landscapes, and have both mythical and navigational
value, because their mnemonic qualities serve to remember features that aid orientation [38].

One assumption in most cognitive science studies of navigation is that expert navigation corre-
sponds to the use of allocentric representations [2]. However, this is not necessarily the case.
Evenki knowledge of rivers takes the form of a diagram, and their toponymic system is not spatially
arranged. Within anthropology, there was an active debate between mental map proponents [39],
TrendsTrends inin CognitiveCognitive SciencesSciences

Figure 1. World map indicating the locations of different cultures of traditional navigation. The map shows different populations for which there are
corresponding publications documenting the traditional navigational culture of the population. The references for the work documenting the navigational culture of each
population in the map, in alphabetical order, are as follows: Andalusian regatta sailors [89], Aymara [90], Batek [30], Bindibu [38], Bininj Kunwok [91], Carolinians [45],
Chukchi [92], Dolgan [93], Euahlayi [38], Evenki [35], Guara [94], Guugu Yimithirr [18], Gwich'in [1], Hadza [88], Hai||om [95], Hawaiian [44], Igbo [96], Igloolik Inuit [46],
Inupiat [97], Kalaallit [28], Komi [16], Logoli [98], London taxi drivers [41], Marshallese [87], Mbendjele BaYaka [69], Nenets [16], Nova Scotia deer hunters [27], Nunamiut
[99], Nunavut [100], Peak Country search and rescue [101], Pitjantjatjara [32], Sami [102], Taumako [17], Temne [100], Tongan [103], Tozhu-Tuvan [104], Trobrianders
[105], Tsimané [85], Twa [70], Tzeltal [26], Veneto orienteering experts [106], Wangkatha [38], Wardaman [107], Yaghan [108], Yellowknives Dene [1], Yucatec Maya
[109], and Zulu [49]. The map is not exhaustive (e.g., we do not cover all the island cultures in Lewis’s work [23]). Points on the map correspond to the location of the
study, but some populations (e.g., Evenki) might dwell over much larger areas. The yellow connecting lines denote specialised subcultures of navigation within a broader
western, industrialised population (e.g., London taxi drivers or Veneto orienteering experts). The blue connecting lines denote Pacific islander populations. By ‘traditional
navigation’, we refer tomethods used from cultures that do not use a westernised approach to navigation, such as using a cartographicmap, magnetic/digital compass, or
GPS. In many cases, this culture is under threat of disappearing; thus, documenting it and preserving the knowledge is important. Therefore, when we refer to existing
navigational methods, they may be only used by a small group of people.
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Table 1. Examples of traditional navigation techniques

Techniquea Example populations Refs

Environmental cues

Waves Marshall Islands [87]

Wind cues Inuit (Greenland) [28]

Slope Tzeltal (Mexico); Nova Scotia hunters (Canada) [26,27]

Ocean swell Marshall Islands [87]

Smoke signals Igbo (Nigeria) [96]

Stars Yellowknives Dene (Canada); Gwich’in (USA) [1]

Oceanic lights Taumako (Solomon Islands) [37]

Snowdrift Inuit (Greenland) [46]

Auditory cues Batek (Malaysia) [30]

Seaweed Inuit (Greenland) [46]

Olfactory cues Hawaiian (USA); Pitjantjatjara (Australia) [31,32]

Animal behaviour Inuit (Greenland) [46]

Systematised knowledge

Maritime stellar wayfinding Taumako (Solomon Islands) [37]

Inland stellar wayfinding Yellowknives Dene (Canada); Gwich’in (USA) [1]

Toponyms Evenki (Russia) [19]

Landscape directionals Inuit (Greenland) [28]

Songlines Aboriginal Australia [38]

Hydrological knowledge Evenki (Russia); Nenets, Komi (Russia) [16,35]

The Knowledge of London London taxi drivers (UK) [41]

Gestures Guugu Yimithirr (Australia); Hai//om (Namibia) [18,95]

Visualisation techniques

Bird's eye view London taxi drivers (UK) [41]

In-street view London taxi drivers (UK) [41]

Tiller ‘inflating’ the mainsail Competitive western sailing [43]

Hand-sky mapping Hawaiian (USA) [44]

Imaginary landmarks Micronesian navigation [23,45]

Projecting constellations Gwich’in (USA) [1]

Cognitive artefacts

Tactile maps Inuit (Greenland) [48]

Sand maps Wangkatha (Australia) [38]

Stick Charts Marshall Islands [87]

Etchings Bindibu (Australia) [38]

Trail breaking Inuit (Greenland); Yellowknives Dene (Canada) [1,46]

Rock art Zulu (South Africa) [49]

aFor traditional navigation, many techniques are combined into a holistic system (see e.g., [17]). The figure Yahdii in Gwich’in
culture (see Figure 2 in the main text) is a constellation and, thus, systematised knowledge (e.g., about which attributes
of Yahdii correspond to which landscape features at given times). In turn, this knowledge allows the traveller to use stars
(environmental cues) to navigate by projecting the full constellation (through visual techniques).
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who argued that wayfinding depended on stored spatial information, and practical mastery propo-
nents, who argued that wayfinding depended on attunement to the environment [40]. Istomin and
Dwyer [21] showed how the distinction corresponded to that between allocentric and egocentric
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Box 1. Interplay of spatial cognition, language, and environment

A key distinction can be made between spatial representations in egocentric or allocentric frames of reference (FoR): when
navigating, one can go left and then forward (egocentric), or north and then east (allocentric). In spatial language, FoR serve
to encode projective space: the figure is anchored in relation to the ground, where these two entities could be not only lo-
cations, but also a particular orientation or a path (e.g., the trail starts north of the parking lot). Based on the egocentric–
allocentric distinction, together with the concept of intrinsic spatial relations, Levinson [18] proposed three FoR for spatial
language: intrinsic (anchored on an object based on its perceived asymmetry; e.g., in front of the TV, based on the orien-
tation of that TV), relative (anchored on the viewpoint itself; e.g., in front of the TV, with ‘front’ being the side closest to the
speaker), and absolute (anchored on fixed points of reference; e.g., north of the TV). In turn, geocentric has three subtypes
[110]: absolute (vectors abstracted from the landscape; e.g., true north), geomorphic (vectors tied to landscape features;
e.g., downriver), and landmark based (vectors relative to a topographic feature; e.g., mountainward).

When memorising a spatial array (e.g., of toys on a table), one can use an intrinsic, a relative, or a geocentric FoR. An in-
teresting finding is that choice of FoR in spatial reasoning tasks tend to match the FoR that is dominant in the language
spoken by the subject [18], although mismatches occur [110]. Some argue this is due to the influence of language on spa-
tial cognition [111], while others claim that the environment is the ultimate cause of both linguistic and spatial cognition ef-
fects [112]. More recent evidence indicates that sociocultural factors have a role. In Dhivehi, women and younger speakers
favour egocentric FoR compared with older and male speakers, who are more likely to have outdoor occupations [113].
The resulting picture is best captured by the sociotopographic model, which conceives spatial behaviour as determined
by a complex interplay of environmental features, affordances, cultural practices, and linguistic factors [113–115]. Existing
evidence for the sociotopographic view includes the diversity of environmental features invoked across Australian
languages (e.g., coastlines, river drainage, or ruggedness) [114], the primacy of shape and function when conceptualising
landscape [28,116], the influence of economic activity, literacy, and bilingualism [117,118], or the shift from geocentric FoR
with the decline of nomadic pastoralism [119]. An interesting approach here is the combination of laboratory-based exper-
iments and computational models to examine the evolution of spatial referencing systems [120].

Trends in Cognitive Sciences
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frames of reference (environment centred/self centred) in psychology and argued that different cul-
tures simply varied in the degree to which they relied on allocentric information. The Evenki are a
case in point. Their ways of navigating are best explained as a series of local environmental adap-
tations that enable them to find their way in the taiga without relying on allocentric information.

Visualisation techniques and exploiting regularities
We have explored the cultural repertoire of expert traditional navigators in many natural environ-
ments. There are also experts who follow local navigational traditions within western culture and in
urban environments, such as London licenced taxi drivers. London (UK) is an urban region of
almost 26 000 streets. In the midst of this complexity, taxi drivers are able to quickly plan and ex-
ecute routes all across the street network without requiring GPS. To do this, they go through
many years of training. To acquire their ‘Knowledge of London’ and obtain their licence, taxi
drivers need to be able to plan the shortest route between any two places, which they demon-
strate in the exam for this licence by naming all the roads in that route in the correct order, includ-
ing turning instructions [41]. In their training, they combine the use of static large maps with
enacted navigation, driving around London to learn about the streets in situ. Analogously,
when they plan routes, many taxi drivers combine two types of visualisation technique: they
picture the map of London from a bird’s eye view, charting subgoals along it, and they use
their in situ experience to simulate in-street views of the route, which informs decisions about
drop-off points [41,42] (Table 1).

Visualisation techniques are a common element of traditional navigation across many cultures.
In western sailing traditions, there is a representational technique in which, when a sail is losing
power and in danger of jibing, the sailor can point the tiller toward it and imagine it working as a
hairdryer that ‘inflates’ the sail. The dynamic interplay of boat and wind is such that this visual-
isation trick ensures that wind restores power to the mainsail [43]. The regularities of the
artefact–environment dyad (i.e., the boat at sea) allow for a computationally lean operation
through the use of a projected causal chain from the tiller to the sail. Such techniques are
6 Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx
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inextricable from systematic knowledge: western sailors’ vocabulary reflects their use of the
wind as a frame of reference (e.g., ‘luffing’: turning the bow into the wind).

Exploiting regularities for visualisation is also present in the Pacific islands. There is an interesting
technique coming from the revival of native cultures of navigation in Hawaii: the wayfinder holds
up their hand, with the thumb against the horizon, and maps the height of celestial objects to
physical features on their hand [44]. Another famous example is the ‘etak’ technique from the
Carolinian Islands, in which the location of an island below the horizon is used to track progress
against the movement of the stars [45]. The island appears in the navigator’s imagination to move
back along the horizon, such that the navigator creates a model of the voyage that they can ma-
nipulate from their point of view. Visualising constellations is another clear example, as shown in
the figure of Yahdii in Gwich'in culture (Figure 2). We have seen how Inuit cultures use the wind as
a cue, and imagination also has a role here. Primary winds that reliably blow in a particular direc-
tion exist as cardinal directions even when they are not blowing, and travellers can often visualise
them as an animate object [46]. A haptic-auditory cue becomes a visual cue, and one that can be
used when vision is generally impaired (e.g., in a snowstorm).

Some of these techniques involve explicit imagination, such as the simulated routes of London
taxi drivers, and others involve a projection of imagined structures onto physical structures
(e.g., seeing the stars as Yahdii). These are instances of enacting meaning, which is a culturally
mediated act [47]. Even for the case of internal simulations of trajectories by taxi drivers, the imag-
ined map of London only emerges thanks to the numerous hours of training using a real map
(Figure 2C), and the imagined street-view route only emerges thanks to the many journeys
taken by the taxi driver.

Cognitive artefacts and the internal–external divide
Cartographic maps, the magnetic compass, the sextant, and more recently, GPS all provide ex-
amples of tools used to aid navigation by many on our planet. Traditional navigation methods
substantially expand this repertoire, from the Marshallese stick charts to the use of driftwood
on the southeast coast of Greenland. There, the Inuit carved pieces of driftwood to represent
the shape of the coast of particular regions [48]. When giving directions or telling stories about
particular places, the driftwood maps were used as props, and the audience could retrace
kayak journeys around the fjords by running their fingers along the curves in the driftwood. One
advantage of these maps is that they can be sensed through touch when there is low visibility.

There are many cross-cultural examples of cognitive artefacts. The Wongai of the Eastern
Goldfields in Australia create sand maps during narrations to support the audience’s under-
standing of the landscape. The sand maps have a particular syntax (e.g., circles for important
places) and they represent paths, water sources, and places of interest [38]. Sand drawings
have the advantage of being dynamic, as one can easily redraw during narration. While the
aforementioned examples are all in portable media, there are also stationary examples of
navigational aids, such as Zulu rock art [49]. Rock provides a durable media, and the natural
features of the rock can become part of the cartographic representation, with a smaller rock on
top of a larger flat one representing homesteads on a hill.

This diversity of materials raises the question of what qualifies all these as cognitive artefacts.
Moreover, there are many borderline cases that count as naturefacts, naturally occurring struc-
tures used for human purposes, such as the use of snowdrift to infer wind directions [50]. When
we say that the aforementioned are all cognitive artefacts, we mean that they are designed to en-
hance the cognitive abilities of their users. They functionally contribute to performing a cognitive
Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx 7
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Figure 2. Different environments and navigational techniques created to navigate them. (A) Left, northern Alaska, territory navigated by the Gwich’in. Right:
artistic depiction of the Gwich’in whole-sky constellation, the mythical creature Yahdii [1]. There is a mapping between the constellation and local landmarks of the
Gwich’in territory at given times, such that Yahdii can serve as a celestial schema for inland orientation. The projection of occluded parts of this anthropomorphic figure
allows travellers to infer the locations and spatial relationships of all its stars even when the constellation is partially obscured. (B) Left: view from the open ocean in the
Pacific. Right: Marshallese stick chart representing major ocean swell patterns and the ways the islands disrupt those patterns [22]. (C) Aerial view of part of London’s
(UK) street network. Right: London taxi driver Knowledge School material in use by apprentice taxi drivers [41]. Maps are used to learn relations between places, to
help with directional studies, and for planning the fastest routes. Photographs by US Fish and Wildlife Service (USFWS) (A), François Bianco (B, left), Rama (B, right),
and Gerry Lynch (C, left).
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task [50]. The function of the artefact is constrained by its materiality, but is not reduced to it. The
driftwood map only represents the shoreline in the context of a meshwork of cultural practices.
This echoes the emphasis in semiotic theory on understanding representational devices within
the larger interrelated information systems of a culture [51]. We can clearly see this in the
case of stick charts, teaching diagrams that only make sense within the larger practice of wave
piloting [22]. Similarly, examples of star and of wind compasses are only usable within larger
navigational systems [23,37].

Implications for the study of navigation in the cognitive sciences
We started our journey by exploring wave piloting in the Marshall Islands and, at each step of the
way, we analysed a different aspect of navigational culture: environmental cues, systematic
knowledge, visualisation techniques, and cognitive artifacts, as well as spatial language (Box 1).
These aspects are, in fact, inseparable, because cultures of navigation are interrelated information
systems. Sensing the waves can only work in the context of a rich body of knowledge about
currents and swells, which in turn is passed on through the cognitive artifact known as stick
charts. It is only thanks to this conceptual apparatus that waves are ‘seen as’ or ‘felt as’ indicators
of remote islands. Training, lore, the syncing of body and environment, local techniques, and,
above all, the landscape are all key elements that one needs to consider to understand real-
world navigation. This is what it means for navigation to be situated, both culturally and environ-
mentally, and it has momentous methodological consequences.

Anthropological evidence highlights the importance of key aspects of navigation that have been
largely overlooked in cognitive science, such as visualisation techniques [52], navigation at sea
[53], or the link between linguistic frames of reference and wayfinding [54]. It also invites cognitive
scientists to immerse themselves in the community of study and to seriously consider how cul-
tural factors influence spatial cognition. While this point has been made in some areas of psychol-
ogy [55], it is not yet a widespread consideration in the study of human navigation. Most
importantly, a deeper understanding of traditional cultures challenges several core assumptions
in classical research in the cognitive sciences. Experimental work has largely studied clearly dis-
tinguishable visual landmarks [33], while real-world navigation involves multimodal evidence ac-
cumulation that flexibly adapts to environmental context. The literature we review also moves
away from a narrow focus on internalised memory representations of spatial locations toward
an understanding of navigation as a dynamic, action-oriented skill involving a heterogenous set
of cognitive resources and heuristics (a recent neuroscience review by Ekstrom and Hill advo-
cates for a move in a similar direction [56]).

Perhaps themost important challenge coming from anthropology concerns the association of ex-
pert navigation and the use of allocentric frames of reference [57–64]. The anthropological litera-
ture shows many examples of expert navigators who do not rely on the use of allocentric
information, but rather on a combination of egocentric information, systematised knowledge,
and locally adapted techniques. Relatedly, most experimental designs involve participants
learning an environment through either direct exploration or cartographic representations that
are both allocentric and Euclidean [10,41], while real-world learning often involves non-
Euclidean representations, such as stick charts, and the transmission of spatial knowledge
through lore, as is the case with the songlines of aboriginal cultures in Australia. Finally, the narrow
focus on internalised memory representations in cognitive science means that we know relatively
little about the role of cognitive artifacts in navigation. Even when psychology researchers ap-
proach the issue, they tend to study artifacts, such as GPS guidance, in which the majority of
the navigational processes are offloaded wholesale onto an external resource [65]. By contrast,
cognitive artifacts in traditional cultures transform rather than substitute navigational processes,
Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx 9
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Box 2. Direction pointing as a method to evaluate expert navigators

Pointing accuracy is a test for assessing navigation skill that is widely used both in anthropology and cognitive science. For example, Figure IA–C shows the accuracy of Hai//om
people (Namibia), Guugu Yimithirr (Australia), and Dutch participants on a pointing task, respectively [18]. Rather than simply comparing raw performance scores across
populations, the use of pointing tasks becomes more interesting by combining themwith a multitude of factors. A recent study explored the three-way interaction between
age, distance from camp to the test location, and sun visibility on errors in a pointing task designed to test the orientation abilities of the Mbendjele BaYaka people in the
Republic of Congo [69]. They found that sun visibility increased pointing accuracy for young participants, particularly when theywere far from the camp (Figure ID). However,
the effect was less apparent in older participants, who exhibited high pointing accuracy evenwhen the sun was not visible. At present, an interesting, underexplored angle is
looking not only at pointing accuracy, but also at the biases underlying pointing errors; that is, trying to find what the elements are that affect participants’ errors and how,
which is often used in cognitive sciences as a way to model the underlying cognitive processes involved in a task [121]. Another promising avenue of research involving
pointing tasks is incorporating new technologies. For instance, a study of seminomadic children in Northern Namibia combined pointing tasks with GPS tracking to assess
mobility patterns to assess the effect of schooling on gender differences [70]. They found that schooling resulted in similar patterns of mobility for boys and girls, which re-
duced gender differences in navigational performance compared with adults in the same population. Recent advances in motion capture technology and image analysis
can also be harnessed to construct better models of the bodily movement involved in pointing [122]. This is particularly relevant when we consider the gestural lexicon
in cultures such as the Guugu Yimithirr, who point using large gestures that are correctly oriented by cardinal direction, and which are accompanied by a rich iconic system:
the arm communicates very precise angles; the hand can point to a second location to form sequences of exact vectors; a flat hand can depict the steepness of a slope; the
elevation of the arm can indicate distance to target; and a moving gesture can indicate a precise trajectory [18].
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Figure I. Pointing accuracy across cultures.
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Figure 3. Exploration of cross-cultural navigation. (A) Interface of the standardised test of navigation, Sea Hero Ques
(SHQ). SHQ has been shown to have good test–retest reliability [74] and to be predictive of real-world navigational ability: a
study comparing participants' SHQ performance with performance in a real-world wayfinding task in London (and replicated
in Paris) found a significant correlation between the two [10]. Analysis of the data showed that gender inequality across countries

(Figure legend continued at the bottom of the next page.
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which means that the individual user needs to be enculturated and able to skilfully recruit internal
and external resources for navigation [66].

Methodological advances in the ecological study of navigation
The multifaceted character of navigational culture underscores the shortcomings of a narrow
focus on a subset of the world population doing similar navigation tasks. Recent methodological
developments in real-world approaches to cognition invite us to consider environmental control
and ecological validity as orthogonal factors rather than as the two irreconcilable ends of a con-
tinuum [18,67,68]. Here, we explore how some of these developments can help with both the de-
scriptive nature of much anthropological research [18] and the ecological validity of psychological
research on navigation.

New technologies are already transforming the study of spatial cognition and can be harnessed to
address the situated nature of navigation. GPS tracking and measures of pointing behaviour can
help us study expert navigators across cultures [69–71] (Box 2). With the development of mobile
touch-screen technology, it has been possible to provide remote VR tests of navigation and
reach many populations, where the tests are gamified. Such gamified experiments, accessible
through digital devices, facilitate both experimental control and the large-scale collection of
cross-cultural data.

An example of how amobile phone-based navigation testing can reveal insights into how culture and
environment impact navigation has come from the Sea Hero Quest (SHQ) project [4,10,72–75]. In
the mobile game SHQ, participants navigate a boat through different environments, which vary in
their features (Figure 3). Since its launch, over four million people across 193 countries have played
the game [4]. The participants contributed demographic information, and the wealth and detail of the
data provided from the game have been used to look at the interaction of different demographic, cul-
tural, and environmental factors. One key finding is that the environment that a person grows up in
shapes navigation skill in later life [73]. Participants who grew up in the cities of countries that tend to
be gird-like (i.e., low entropy in street orientations) were better at navigating grid-like environments,
whereas those from rural or countries with no-grid-like cities were better at navigating environments
with high entropy in street orientations (Figure 3). Big data approaches also offer a way of looking at
the impact of cultural factors on navigational ability, such as Hofstede's cultural dimensions [75] or
gender inequality [72].

Nevertheless, even such cross-cultural approaches leave out traditional cultures of navigation
within a country. In fact, it is possible that the test itself is interpreted and performed differently
predicts gender differences in navigation ability [72], that 7 h of sleep is associated with a better navigation performance late in
life across cultures [82], and that cultural norms around masculinity are associated with overestimation in navigation perfor-
mance across countries [75]. (B) Wayfinding performance measured during virtual wayfinding tasks using SHQ. Countries filled
with darker red colour performed better. Even in mass, cross-cultural data such as those provided by SHQ, there are notable
gaps as indicated by the countries in grey. Moreover, there is an important risk of selection bias [73], and indigenous groups
within each country are not represented. (C) Two examples of a city with a high (Prague) versus a low (Chicago) Street Network
Entropy (SNE), a metric that is calculated from the Shannon entropy of the orientation distribution of the city based on the stree
network graph of each city. To the right of the plans for each city is the distribution of the street bearings for that city [73]
(D) Average SNE as a function of the environment effect size in each country. Positive values indicate an advantage of partici-
pants raised outside cities compared with their urban compatriots. Average SNE is the weighted average over the ten mos
populated cities of the country, weighted by their population. Squares and circles correspond to the low-SNE and high SNE
country groups, determined with k-means [73]. (E) Environmental structure of Salt Lake City (USA) and Padua (Italy), two cities
with very different configurations. In a recent experiment, participants from each city undertook different tests designed to as-
sess their navigational performance and strategies. Their results showed that participants’ navigational strategies were adapted
to their local environment, and that participants in more complex environments (e.g., Padua) had better navigational abilities
overall [83]. Adapted from [75] (B). Images from Google Maps (E).
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Outstanding questions
How can researchers actively engage
indigenous collaborators in the study of
navigational cultures? It is paramount
to avoid ‘helicopter science’ and to
consider local nonwestern, noncolonial,
knowledge systems. Existing efforts
to integrate traditional ecological
knowledge in areas such as health,
sustainability, and conservation can
show us the way forward in cognitive
science.

How can navigation studies account
both for cross-cultural and intra-
cultural variation? Environment and
culture are fundamental, but they inter-
twine with individual factors. A first step
is collecting more individual socio-
demographic data and triangulate
them with ethnographic data about
the subject's navigational culture.

Can studies on navigation provide useful
clues for the development of culturally
appropriate and accessible navigation
technologies for diverse populations?
This is particularly pressing because
widespread technologies, such as GPS
guidance, can hinder the development
and transmission of navigation skill in tra-
ditional cultures. A deeper understanding
of local traditions of navigation, together
with knowledge co-production in the
development of technologies, can help
revert this trend.

How can we address the challenges
in performing cognitive testing in
nonliterate populations? Cognitive
tests are usually boring, abstract
tasks that are challenging for people
not exposed to formal education. A
good starting point are advances in
dementia screening, an area where
researchers have had to develop spa-
tial ability tests for a nonliterate popu-
lation. As for technological barriers,
researchers can use more intuitive in-
terfaces, such as VR, voice com-
mands, and tactile screens.

How can we fill in the gaps in the data
of mass cross-cultural samples?
While large, cross-cultural samples
are a promising avenue of research,
there is an important risk of selection
bias, and indigenous cultures are
often underrepresented even in such
cross-cultural studies (see Figure 3 in
the main text). A possible way to do
this is to combine cross-cultural big
in different traditional communities; for example, compare sea-going cultures, which make nu-
merous assumptions about sailing versus a forest-dwelling culture whose participants have
never seen the ocean. Nevertheless, screen-based methods offer a novel way of mass testing
for navigation ability, and can be adapted to local cultures and environments (e.g., city-themed ver-
sion of SHQ in [73]), as well as combined with other measures, such as pointing tasks, mobility
tracking, and environmental analysis [70]. Moreover, testing methods such as SHQ can be used
not only in participant crowdsourcing (i.e., one research team gathering data from large number
of participants), but also in research crowdsourcing, in which a large number of researchers gather
to work using a common framework and methodology, with each research team working with a
different community [76]. Of course, gamified experiments are not sufficient in and of themselves
to reflect the diversity of human wayfinding cultures, but they expand the experimental toolkit in
novel directions, and hold great promise when combined with other, locally adapted approaches.

Beyond new ways to collect data, methods for analysis have also advanced. Machine learning
approaches to the study of large-scale real-world data, such as the information generated from
the tracking of mobile devices, provide a way to understand real-world navigation [77,78]. Bayes-
ian procedures of complex system modelling are increasingly used for modelling real-world
events [79], and there is a growing body of work on agent-based simulations of wayfinding
[80,81]. The analysis of navigation behaviour goes hand in hand with the analysis of the environ-
ment in which that navigation takes place. Here, we highlight information-theoretic measures,
such as the entropy of street networks [82,83], as well as metrics that have emerged from
space syntax analysis in architecture [84].

Increasingly, anthropological work includes satellite imagery and GPS tracking technology to
study navigation behaviour, such as the daily mobility of Tsimané forager-farmers in Bolivia [85].
Many recent anthropological studies of navigation already make use of computerised tests devel-
oped to work in the field [86]. Concerning spatial analysis, there are several environmental metrics
that have started to be collected and used in anthropological work, including wave patterns for a
study of Marshallese navigation [87], or the density of food energy in the landscape or the sinuos-
ity of routes for a study of Hadza hunter-gatherers [88]. Overall, convergingmethodological devel-
opments across the cognitive sciences open the door for a truly interdisciplinary endeavour that
does justice to the situated nature of navigation (see Outstanding questions).

Concluding remarks
From the atolls of the Pacific Ocean to the dense vegetation of the taiga and from the labyrinthine
streets of London to the southeast coast of Greenland, we have found consistent evidence for
how the diversity of landscapes in which humans dwell is mirrored in the diversity of navigational
cultures. Current research on navigation within the cognitive sciences does not reflect this diver-
sity. By looking at a multiplicity of anthropological studies, we tried to address this gap and offer
an overview of the different ways in which humans adapt to their environment during navigation.

We have organised a structured way of thinking about the diversity of human cultures of naviga-
tion. We focused on four key aspects of navigational culture to guide our analysis: environmental
cues, systematic knowledge, visualisation techniques, and cognitive artefacts. Environmental
cues encompass features as widespread as wave patterns, slope, wind, oceanic lights, stars,
or snowdrift [1,17,22,26,28,46]. Experiencing these features as cues involves multiple sensory
modalities and depends on both embodied sensing and enculturation [30,32]. As for
systematised knowledge, we have seen how different bodies of knowledge are intertwined.
The Evenki knowledge of rivers is connected to their knowledge of landscape types [19]. These
knowledge systems are also embedded in material media, as is the case of Marshallese stick
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data with data arising from a large in-
ternational group of researchers, each
collaborating with a local population,
but under a single unifying framework.

What is the impact of cultural change
on navigation? Cultures are not
static. Within many indigenous
cultures, occupations are changing,
and traditional skills declining. This
issue highlights the importance of
intergenerational studies that
account for factors such as
schooling and technology use.
charts [22]. Importantly, some cultures rely more than others on spatial information in an egocen-
tric frame of reference, and there are many ways in which people solve local environmental chal-
lenges without relying chiefly on map-like mental representations [21]. We have also shown that
visualisation techniques can involve offline mental imagery (e.g., imagining a route across London
[81]) or the projection of imagined structures onto physical structures (e.g., seeing a set of stars as
a constellation [1]). These techniques are a culturally mediated act, and often exploit agent–
environment regularities [43], as when Hawaiian wayfinders map the height of celestial objects to
physical features on their hand [44]. Finally, we have seen how a wide-ranging collection of arte-
facts that spans both portable and durable media [48,49] can enhance the cognitive abilities of
their users to aid navigation. All of these elements work together as a mutually entrenched system
that is adapted to the particular environment in which navigation takes place. New research
methods provide exciting avenues for the study of navigation, integrating the approaches to tradi-
tional navigation with those of the laboratory [4,67]. Not only can future research help us under-
stand human behaviour more deeply, but it can also help us preserve and understand the rich
cultures on our planet that are under threat of disappearing.

Acknowledgements
We thank Roberto Casati, Joseph Genz, Bill Palmer, and Isabelle Sjovall for valuable feedback on a draft of this manuscript. P.F.V.’s

work was supported by the Irish Research Council (GOIPD/2021/570) and by the British Academy (PFSS23\230053).

Declaration of interests
None declared by authors.

References

1. Cannon, C. et al. (2022) Yellowknives Dene and Gwich’in stellar

wayfinding in large-scale subarctic landscapes. Arctic 75,
180–197

2. Ekstrom, A.D. et al. (2018) Human Spatial Navigation, Princeton
University Press

3. Spiers, H.J. and Barry, C. (2015) Neural systems supporting
navigation. Curr. Opin. Behav. Sci. 1, 47–55

4. Spiers, H.J. et al. (2023) Explaining world-wide variation in nav-
igation ability from millions of people: Citizen Science Project
Sea Hero Quest. Top. Cogn. Sci. 15, 120–138

5. Newcombe, N.S. et al. (2023) Building a Cognitive Science of
Human Variation: Individual Differences in Spatial Navigation,
Wiley Online Library

6. Weisberg, S.M. and Newcombe, N.S. (2016) How do (some)
people make a cognitive map? Routes, places, and working
memory. J. Exp. Psychol. Learn. Mem. Cogn. 42, 768

7. Diersch, N. and Wolbers, T. (2019) The potential of virtual reality
for spatial navigation research across the adult lifespan. J. Exp.
Biol. 222, jeb187252

8. Huffman, D.J. and Ekstrom, A.D. (2019) A modality-
independent network underlies the retrieval of large-scale
spatial environments in the human brain. Neuron 104,
611–622

9. Ishikawa, T. and Montello, D.R. (2006) Spatial knowledge ac-
quisition from direct experience in the environment: Individual
differences in the development of metric knowledge and the in-
tegration of separately learned places. Cogn. Psychol. 52,
93–129

10. Coutrot, A. et al. (2019) Virtual navigation tested on a mobile
app is predictive of real-world wayfinding navigation perfor-
mance. PLoS ONE 14, e0213272

11. Patai, E.Z. et al. (2019) Hippocampal and retrosplenial goal dis-
tance coding after long-term consolidation of a real-world envi-
ronment. Cereb. Cortex 29, 2748–2758

12. Jafarpour, A. and Spiers, H. (2017) Familiarity expands space
and contracts time. Hippocampus 27, 12–16

13. Hegarty, M. et al. (2006) Spatial abilities at different scales:
Individual differences in aptitude-test performance and spatial-
layout learning. Intelligence 34, 151–176

14. Montello, D.R. et al. (2023) The symmetry and asymmetry of
pedestrian route choice. J. Environ. Psychol. 87, 102004

15. Wolbers, T. and Hegarty, M. (2010) What determines our navi-
gational abilities? Trends Cogn. Sci. 14, 138–146

16. Istomin, K.V. (2020) Roads versus rivers: two systems of spatial
structuring in northern Russia and their effects on local inhabi-
tants. Sibirica 19, 1–26

17. George, M. (2012) Polynesian navigation and Te Lapa— ‘The
Flashing’. Time Mind 5, 135–173

18. Levinson, S.C. (2003) Space in Language and Cognition:
Explorations in Cognitive Diversity, Cambridge University Press

19. Lavrillier, A. andGabyshev, S. (2021) An Indigenous science of the
climate change impacts on landscape topography in Siberia.
Ambio 50, 1910–1925

20. Appleyard, D. (1970) Styles and methods of structuring a city.
Environ. Behav. 2, 100–117

21. Istomin, K.V. and Dwyer, M.J. (2009) Finding the way: a critical
discussion of anthropological theories of human spatial orienta-
tion with reference to reindeer herders of northeastern Europe
and western Siberia. Curr. Anthropol. 50, 29–49

22. Genz, J.H. (2016) Resolving ambivalence in Marshallese
navigation: relearning, reinterpreting, and reviving the ‘stick
chart’ wave models. Struct. Dyn. 9, 8–40

23. Lewis, D. (1994) We, the Navigators: The Ancient Art of
Landfinding in the Pacific (2nd edn), University of Hawaii
Press

24. Ascher, M. (1995) Models and maps from the Marshall Islands:
a case in ethnomathematics. Hist. Math. 22, 347–370

25. Feinberg, R. and Genz, J. (2012) Limitations of language for con-
veying navigational knowledge: way-finding in the Southeastern
Solomon Islands. Am. Anthropol. 114, 336–350

26. Brown, P. and Levinson, S.C. (1993) ‘Uphill’ and ‘Downhill’ in
Tzeltal. J. Linguist. Anthropol. 3, 46–74

27. Hill, K.A. (2013) Wayfinding and spatial reorientation by Nova
Scotia deer hunters. Environ. Behav. 45, 267–282

28. McMahan, H. et al. (2022) A socially anchored approach to spa-
tial language in Kalaallisut. Linguist. Vanguard 8, 39–51

29. MacDonald, J. and Schledermann, P. (1998) The Arctic sky:
Inuit astronomy, star lore & legend. Arctic 51, 394
14 Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx

http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0005
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0005
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0005
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0010
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0010
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0015
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0015
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0020
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0020
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0020
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0025
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0025
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0025
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0030
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0030
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0030
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0035
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0035
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0035
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0040
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0040
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0040
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0040
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0045
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0045
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0045
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0045
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0045
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0050
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0050
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0050
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0055
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0055
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0055
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0060
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0060
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0065
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0065
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0065
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0070
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0070
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0075
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0075
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0080
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0080
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0080
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0085
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0085
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0090
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0090
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0095
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0095
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0095
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0100
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0100
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0105
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0105
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0105
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0105
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0110
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0110
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0110
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0115
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0115
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0115
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0120
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0120
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0125
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0125
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0125
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0130
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0130
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0135
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0135
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0140
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0140
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0145
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0145
CellPress logo


Trends in Cognitive Sciences
OPEN ACCESS
30. Po, L.T. (2016) Signaling presence: how Batek and Penan
hunter-gatherers in Malaysia mark the landscape. In Marking
the Land (Lovis, W.A. and Whallon, R., eds), pp. 231–260,
Routledge

31. Pearce, M.W. and Louis, R.P. (2008) Mapping indigenous
depth of place. Am. Indian Cult. Res. J. 32, 107–126

32. Young, D. (2005) The smell of greenness: cultural synaesthesia
in the Western Desert. Etnofoor 18, 61–77

33. Yesiltepe, D. et al. (2021) Landmarks in wayfinding: a review of
the existing literature. Cogn. Process. 22, 369–410

34. West, G.L. et al. (2023) Landmark-dependent navigation strat-
egy declines across the human life-span: evidence from over
37,000 participants. J. Cogn. Neurosci. 35, 452–467

35. Lavrillier, A. (2010) S’orienter avec les rivières chez les Évenks du
Sud-Est sibérien. Un système d’orientation spatial, identitaire et
rituel. Reg. Stud. Amur Area Int. Period. Collect. 2, 3–29

36. Helander-Renwall, E. (2005) Composite Report on Status and
Trends Regarding Knowledge, Innovations and Practices of
Indigenous and Local Communities, United Nations Environment
Programme

37. Feinberg, R. (2022) Auto-experimentation in wave piloting and
celestial navigation: Vaeakau-Taumako, Solomon Islands.
J. N. Z. Pac. Stud. 10, 195–205

38. Forster, P.A. (2021) Review of Aboriginal astronomy and navigation:
a Western Australian focus. Publ. Astron. Soc. Aust. 38, e066

39. Hutchins, E. (1995) Cognition in the Wild, MIT Press
40. Ingold, T. (2000) The Perception of the Environment: Essays on

Livelihood, Dwelling and Skill, Psychology Press
41. Griesbauer, E.-M. et al. (2022) London taxi drivers: a review of

neurocognitive studies and an exploration of how they build
their cognitive map of London. Hippocampus 32, 3–20

42. Spiers, H.J. and Maguire, E.A. (2006) Thoughts, behaviour, and
brain dynamics during navigation in the real world. NeuroImage
31, 1826–1840

43. Casati, R. (2022) Introduction: sailing minds. In The Sailing Mind
(Casati, R., ed.), pp. 1–12, Springer International Publishing

44. Karjala, P. et al. (2018) Kilo Hōkū—experiencing Hawaiian, non-
instrument open ocean navigation through virtual reality. Presence
26, 264–280

45. Hutchins, E. (2005) Material anchors for conceptual blends.
J. Pragmat. 37, 1555–1577

46. Aporta, C. (2020) Inuit Orienting: Travelling Along Familiar Horizons,
Sensory Studies

47. Hutchins, E. (2014) The cultural ecosystem of human cognition.
Philos. Psychol. 27, 34–49

48. Warren, S. et al. (2023) Mapping the anthropogenic ocean: a
critical GIS approach. Geogr. Rev. 113, 554–572

49. Maggs, T. (1998) Cartographic content of rock art in Southern
Africa. In Traditional Cartography in Africa (Woodward, D. and
Lewis, G.M., eds), pp. 11–23, University of Chicago Press

50. Heersmink, R. (2021) Varieties of artifacts: embodied, percep-
tual, cognitive, and affective. Top. Cogn. Sci. 13, 573–596

51. Sonesson, G. (2022) Cognitive science and semiotics.
Bloomsbury Semiot. 4, 293–312

52. Bocchi, A. et al. (2017) The Key of the Maze: the role of mental
imagery and cognitive flexibility in navigational planning.
Neurosci. Lett. 651, 146–150

53. Shi, Y. et al. (2021) The brain alteration of seafarer revealed by
activated functional connectivity mode in fMRI data analysis.
Front. Hum. Neurosci. 15, 656638

54. Shapero, J.A. (2017) Does environmental experience shape
spatial cognition? Frames of reference among Ancash Quechua
speakers (Peru). Cogn. Sci. 41, 1274–1298

55. Apicella, C. et al. (2020) Beyond WEIRD: a review of the last de-
cade and a look ahead to the global laboratory of the future.
Evol. Hum. Behav. 41, 319–329

56. Ekstrom, A.D. and Hill, P.F. (2023) Spatial navigation and mem-
ory: a review of the similarities and differences relevant to brain
models and age. Neuron 111, 1037–1049

57. Wang, R.F. (2017) Spatial updating and common misinterpreta-
tions of spatial reference frames. Spat. Cogn. Comput. 17,
222–249

58. Farzanfar, D. et al. (2023) From cognitive maps to spatial
schemas. Nat. Rev. Neurosci. 24, 63–79

59. Warren, W.H. (2019) Non-Euclidean navigation. J. Exp. Biol.
222, jeb187971

60. MontGolledge, R.G., eds Spatial and Temporal Reasoning in
Geographic Information SystemsOxford University Press,
pp. 143–154

61. Tversky, B. (1992) Distortions in cognitive maps. Geoforum 23,
131–138

62. Kuipers, B. (1982) The’ map in the head’ metaphor. Environ.
Behav. 14, 202–220

63. Peer, M. et al. (2021) Structuring knowledge with cognitive
maps and cognitive graphs. Trends Cogn. Sci. 25, 37–54

64. Waller, D. and Hodgson, E. (2006) Transient and enduring spa-
tial representations under disorientation and self-rotation.
J. Exp. Psychol. Learn. Mem. Cogn. 32, 867–882

65. Ruginski, I.T. et al. (2019) GPS use negatively affects environ-
mental learning through spatial transformation abilities.
J. Environ. Psychol. 64, 12–20

66. Casati, R. (2017) Two, then four modes of functioning of the
mind: towards a unification of ‘dual’ theories of reasoning and
theories of cognitive artifacts. In Representations in Mind and
World (Zacks, J.M. and Taylor, H.A., eds), pp. 7–23, Routledge

67. Peeters, D. (2019) Virtual reality: a game-changing method for
the language sciences. Psychon. Bull. Rev. 26, 894–900

68. Vigliocco, G. et al. (2023) Ecological brain: reframing the study
of human behaviour and cognition. PsyArXiv Published online
April 3, 2023. http://dx.doi.org/10.31234/osf.io/zr4nm

69. Jang, H. et al. (2019) Sun, age and test location affect spatial
orientation in human foragers in rainforests. Proc. R. Soc. B
Biol. Sci. 286, 20190934

70. Davis, H.E. et al. (2021) Cultural change reduces gender differ-
ences in mobility and spatial ability among seminomadic
pastoralist-forager children in northern Namibia. Hum. Nat. 32,
178–206

71. Schug, M.G. et al. (2022) Childhood experience reduces gen-
der differences in spatial abilities: a cross-cultural study. Cogn.
Sci. 46, e13096

72. Coutrot, A. et al. (2018) Global determinants of navigation abil-
ity. Curr. Biol. 28, 2861–2866

73. Coutrot, A. et al. (2022) Entropy of city street networks linked to
future spatial navigation ability. Nature 604, 104–110

74. Coughlan, G. et al. (2020) Test-retest reliability of spatial naviga-
tion in adults at-risk of Alzheimer’s disease. PLoS ONE 15,
e0239077

75. Walkowiak, S. et al. (2023) Cultural determinants of the gap be-
tween self-estimated navigation ability and wayfinding perfor-
mance: evidence from 46 countries. Sci. Rep. 13, 10844

76. Cuccolo, K. et al. (2021) What crowdsourcing can offer to
cross-cultural psychological science. Cross-Cult. Res. 55,
3–28

77. Darvariu, V.-A. et al. (2020) Quantifying the relationships be-
tween everyday objects and emotional states through deep
learning based image analysis using smartphones. Proc. ACM
Interact. Mob. Wearable Ubiquitous Technol. 4, 7:1–7:21

78. Bongiorno, C. et al. (2021) Vector-based pedestrian navigation
in cities. Nat. Comput. Sci. 1, 678–685

79. Friston, K.J. et al. (2022) Dynamic causal modelling of COVID-19
and its mitigations. Sci. Rep. 12, 12419

80. Morad, M. et al. (2020) cogARCH: simulating wayfinding by
architecture in multilevel buildings. In SimAUD '20: Proceedings
of the 11th Annual Symposium on Simulation for Architecture
and Urban Design, pp. 1–8, Society for Computer Simulation
International

81. De Cothi, W. et al. (2022) Predictive maps in rats and humans
for spatial navigation. Curr. Biol. 32, 3676–3689

82. Coutrot, A. et al. (2022) Reported sleep duration reveals seg-
mentation of the adult life-course into three phases. Nat.
Commun. 13, 7697

83. Barhorst-Cates, E.M. et al. (2021) Effects of home environment
structure on navigation preference and performance: A com-
parison in Veneto, Italy and Utah, USA. J. Environ. Psychol.
74, 101580

84. Yesiltepe, D. et al. (2023) Entropy and a sub-group of geometric
measures of paths predict the navigability of an environment.
Cognition 236, 105443
Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx 15

http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0150
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0150
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0150
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0150
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0155
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0155
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0160
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0160
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0165
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0165
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0170
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0170
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0170
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0175
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0175
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0175
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0180
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0180
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0180
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0180
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0185
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0185
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0185
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0190
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0190
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0195
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0200
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0200
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0205
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0205
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0205
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0210
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0210
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0210
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0215
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0215
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0220
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0220
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0220
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0225
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0225
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0230
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0230
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0235
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0235
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0240
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0240
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0245
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0245
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0245
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0250
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0250
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0255
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0255
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0260
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0260
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0260
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0265
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0265
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0265
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0270
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0270
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0270
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0275
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0275
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0275
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0280
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0280
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0280
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0285
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0285
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0285
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0290
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0290
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0295
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0295
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0300
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0300
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0300
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0305
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0305
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0310
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0310
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0315
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0315
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0320
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0320
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0320
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0325
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0325
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0325
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0330
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0330
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0330
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0330
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0335
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0335
http://dx.doi.org/10.31234/osf.io/zr4nm
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0345
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0345
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0345
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0350
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0350
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0350
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0350
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0355
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0355
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0355
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0360
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0360
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0365
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0365
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0370
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0370
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0370
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0375
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0375
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0375
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0380
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0380
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0380
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0385
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0385
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0385
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0385
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0390
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0390
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0395
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0395
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0400
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0400
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0400
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0400
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0400
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0405
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0405
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0410
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0410
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0410
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0415
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0415
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0415
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0415
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0420
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0420
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0420
CellPress logo


Trends in Cognitive Sciences
OPEN ACCESS
85. Davis, H.E. and Cashdan, E. (2019) Spatial cognition, naviga-
tion, and mobility among children in a forager-horticulturalist
population, the Tsimané of Bolivia. Cogn. Dev. 52, 100800

86. Davis, H.E. et al. (2023) Navigational experience and the preser-
vation of spatial abilities into old age among a tropical forager-
farmer population. Top. Cogn. Sci. 15, 187–212

87. Genz, J. et al. (2009) Wave navigation in the Marshall islands:
comparing indigenous and western scientific knowledge of the
ocean. Oceanography 22, 234–245

88. Wood, B.M. et al. (2021) Gendered movement ecology and land-
scape use in Hadza hunter-gatherers. Nat. Hum. Behav. 5,
436–446

89. Caraballo, I. et al. (2021) Factors related to the performance of
elite young sailors in a regatta: spatial orientation, age and ex-
perience. Int. J. Environ. Res. Public Health 18, 2913

90. Núñez, R.E. and Cornejo, C. (2012) Facing the sunrise: cultural
worldview underlying intrinsic-based encoding of absolute
frames of reference in Aymara. Cogn. Sci. 36, 965–991

91. Cialone, C. (2020) Geomapped semantics of Bininj Kunwok ori-
entation lexicon. Hunter Gatherer Res. 4, 391–409

92. Lewis, D.H. and George, M. (1991) Hunters and herders:
Chukchi and Siberian Eskimo navigation across snow and fro-
zen sea. J. Navig. 44, 1–10

93. Davydov, V.N. (2017) Temporality of movements in the North:
pragmatic use of infrastructure and reflexive mobility of Evenkis
and Dolgans. Sibirica 16, 14–34

94. Heyerdahl, T. (1957) Guara navigation: indigenous sailing off the
Andean coast. Southwest. J. Anthropol. 13, 134–143

95. Widlok, T. (2008) Landscape unbounded: space, place, and ori-
entation in≠ Akhoe Hai//om and beyond. Lang. Sci. 30, 362–380

96. Uluocha, N.O. (2018) Alternative cartographies. Meta-
Carto-Semiotics 11, 27–46

97. Sonnenfeld, J. (2002) Social dimensions of geographic disori-
entation in Arctic Alaska. Études/Inuit/Studies 26, 157–173

98. Munroe, R.L. and Munroe, R.H. (1971) Effect of environmental
experience on spatial ability in an East African society. J. Soc.
Psychol. 83, 15–22

99. Gubser, N.J. (1965) The Nunamiut Eskimos, Hunters of Caribou:
Hunters of Caribou, Yale University Press

100. Berry, J.W. (1966) Temne and Eskimo perceptual skills. Int.
J. Psychol. 1, 207–229

101. Lois, J. (2001) Managing emotions, intimacy, and relationships
in a volunteer search and rescue group. J. Contemp. Ethnogr.
30, 131–179

102. Cogos, S. et al. (2017) Sami place names and maps: transmit-
ting knowledge of a cultural landscape in contemporary con-
texts. Arct. Antarct. Alp. Res. 49, 43–51

103. Bennardo, G. (2014) Space and culture: giving directions in
Tonga. Ethos 42, 253–276

104. Stépanoff, C. (2012) Human-animal ‘joint commitment’ in a rein-
deer herding system. Hau J. Ethnographic Theory 2, 287–312

105. Hutchins, E. (1980) Culture and Inference: A Trobriand Case
Study, Harvard University Press

106. Feraco, T. et al. (2021) Orienteering: what relation with visuo-
spatial abilities, wayfinding attitudes, and environment learning?
Appl. Cogn. Psychol. 35, 1592–1599

107. Norris, R.P. and Harney, B.Y. (2014) Songlines and navigation
in Wardaman and other Australian Aboriginal cultures.
J. Astron. Hist. Herit. 17, 141–148

108. Oyarzún, A. (1943) La canoa de los yaganes, el bote monóxilo y
el de tablones. Bol. Acad. Chil. Hist. 10, 107

109. Cashdan, E. et al. (2016) Mobility and navigation among the
Yucatec Maya: sex differences reflect parental investment, not
mating competition. Hum. Nat. 27, 35–50

110. Bohnemeyer, J. et al. (2022) Reference frames in language and
cognition: cross-population mismatches. Linguist. Vanguard 8,
175–189

111. Dasen, P.R. and Mishra, R.C. (2010) Development of Geocentric
Spatial Language and Cognition: An Eco-cultural Perspective,
Cambridge University Press

112. Palmer, B. (2015) Topography in language. In Language Structure
and Environment: Social, Cultural, and Natural Factors (De
Busser, R. and LaPolla, R.J., eds), pp. 177–226, John Benjamins

113. Palmer, B. et al. (2017) How does the environment shape spa-
tial language? Evidence for sociotopography. Linguist. Typol.
21, 457–491

114. Hoffmann, D. et al. (2022) Geocentric directional systems in
Australia: a typology. Linguist. Vanguard 8, 67–89

115. Palmer, B. (2022) Terrain, topography, landscape, and place:
the interplay of environment, culture, and conceptualization.
In Places across Cultures: Proceedings of the 3rd Interna-
tional Symposium on Platial Information Science
(PLATIAL’21) (Mocnik, F.-B. and Westerholt, R., eds), pp.
67–86, Zenodo

116. Hill, C. (2022) The irrelevance of scale and fixedness in land-
scape terms in two Australian languages. Linguist. Vanguard
8, 91–100

117. Pappas, L. and Holton, G. (2022) A quantitative approach to
sociotopography in Austronesian languages. Linguist. Vanguard
8, 11–23

118. Lin, Y.-T. (2022) The influence of language, culture, and en-
vironment on the use of spatial referencing in a multilingual
context: Taiwan as a test case. Linguist. Vanguard 8,
161–173

119. Cerqueglini, L. (2022) Cross-generational differences in linguis-
tic and cognitive spatial frames of reference in Negev Arabic.
Linguist. Vanguard 8, 113–128

120. Nölle, J. and Spranger, M. (2022) From the field into the lab:
causal approaches to the evolution of spatial language. Linguist.
Vanguard 8, 191–203

121. Bhui, R. et al. (2021) Resource-rational decision making. Curr.
Opin. Behav. Sci. 41, 15–21

122. Koul, A. et al. (2018) PredPsych: a toolbox for predictive ma-
chine learning-based approach in experimental psychology re-
search. Behav. Res. 50, 1657–1672

123. O’Keefe, J. andNadel, L. (1978) TheHippocampus as aCognitive
Map, Clarendon Press

124. O’Keefe, J. and Dostrovsky, J. (1971) The hippocampus as a
spatial map: preliminary evidence from unit activity in the
freely-moving rat. Brain Res. 34, 171–175

125. Tolman, E.C. (1948) Cognitive maps in rats and men. Psychol.
Rev. 55, 189–208
16 Trends in Cognitive Sciences, Month 2023, Vol. xx, No. xx

http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0425
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0425
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0425
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0430
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0430
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0430
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0435
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0435
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0435
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0440
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0440
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0440
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0445
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0445
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0445
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0450
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0450
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0450
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0455
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0455
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0460
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0460
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0460
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0465
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0465
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0465
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0470
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0470
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0475
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0475
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0480
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0480
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0485
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0485
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0490
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0490
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0490
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0495
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0495
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0500
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0500
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0505
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0505
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0505
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0510
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0510
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0510
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0515
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0515
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0520
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0520
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0525
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0525
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0530
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0530
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0530
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0535
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0535
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0535
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0540
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0540
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0545
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0545
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0545
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0550
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0550
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0550
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0555
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0555
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0555
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0560
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0560
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0560
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0565
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0565
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0565
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0570
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0570
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0575
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0580
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0580
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0580
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0585
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0585
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0585
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0590
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0590
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0590
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0590
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0595
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0595
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0595
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0600
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0600
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0600
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0605
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0605
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0610
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0610
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0610
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0615
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0615
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0620
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0620
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0620
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0625
http://refhub.elsevier.com/S1364-6613(23)00251-6/rf0625
CellPress logo

	Wayfinding across ocean and tundra: what traditional cultures teach us about navigation
	The diversity of human navigation
	A key to success: combining multimodal environmental cues
	Systematised knowledge
	Visualisation techniques and exploiting regularities
	Cognitive artefacts and the internal–external divide
	Implications for the study of navigation in the cognitive sciences
	Methodological advances in the ecological study of navigation
	Concluding remarks
	Acknowledgements
	Declaration of interests
	References




