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ABSTRACT

Many studies have shown a gender difference in spatial navigation ability, including a related
gender difference in global metacognitive self-assessment and spatial anxiety. However, it has
yet to be determined whether trial-by-trial metacognitive accuracy differs between the genders
and how this may be related to gender differences in navigation performance. The goal of this
research was to determine, using the Nelson and Nerens (1990) metamemory framework, if there
exist gender differences in trial-by-trial metacognitive monitoring on a first-person virtual maze
navigation task, and how this may be related to gender differences in navigation performance.
Considering that there is a relatively pervasive stereotype that women have poor navigation stills,
an additional goal of this research was to determine if the effects of stereotype could, at least
partially, explain the gender difference in navigation performance, confidence, and trial-by-trial
metacognitive monitoring accuracy. Many studies have shown stereotype threat and lift to
influence confidence and performance between the genders on a variety of spatial cognitive
tasks, but mostly on mental rotation tasks. We investigated whether this effect applied to gender
differences in a spatial navigation task. In order to accomplish this, we assessed trial-by-trial
metacognitive accuracy during a first-person virtual maze navigation task under three stereotype
facilitation conditions where participants were told that either: 1) men outperform women on this
particular task, 2) women outperform men on this particular task, or 3) the genders perform
equally. Over three experiments, the results showed that men generally have more accurate
metacognitive monitoring than women, especially when assessing a previous performance.
Contrary to our expectations, stereotype activation had no effect on trial-by-trial metacognition,

though it did have an effect on navigation performance and confidence.



INTRODUCTION

Navigation research has been a central part of experimental psychology for much of its
history. This is so much the case that the image of a rat in a maze is often held up as the
quintessential image of the discipline. Despite an abundance of findings regarding navigation,
generated over many decades, there remains much to be uncovered about this complex cognitive
function. Notably, while research has been conducted on global confidence and anxiety effects in
navigation, there has yet to be any work relating more fine-grained trial-by-trial metacognitive
judgments to this task. The purpose of this dissertation is to examine this more granular aspect of
metacognition as it pertains to the field of navigation. This will be done by adapting a
metacognitive protocol, based on the Nelson and Narens (1990) metamemory framework, to a
spatial navigation task.

While metacognition is also a very fundamental psychological function, the study of it is
relatively new, at least compared to navigation research. Indeed, until relatively recently, only a
few vague theoretical frameworks existed to explain it, and the existing research community
acknowledges the need to extend the field into other areas of cognition (Diana & Reder, 2004;
Nelson & Narens, 1994). It is for this reason we have decided to adapt Nelson and Narens’
(1990) model to our navigation tasks, as it is the most empirically established and cogent
theoretical framework regarding metacognition.

One factor in navigation performance that has long been widely studied is gender. While
the gender gap in performance on many cognitive functions has been eliminated over time (for
reviews, see Coluccia & Louse, 2004; Feingold, 1998; Hyde, 1981; Martens & Antonenko, 2012;
Voyer, Voyer, & Bryden, 1995) or at least narrowed (Hyde, 2005), spatial navigation tasks still

show strong differences between the genders (Feingold, 1998; Voyer et al., 1995; Voyer, Voyer,



& Saint-Aubin, 2017). There are studies that have shown gender differences in global
metacognitive confidence favoring men (e.g., Hertzog, Dixon, & Hultsch, 1990); though very
little research has investigated gender differences in trial-by-trial metacognitive accuracy. One
aim of the present thesis work is to verify, using a virtual spatial navigation task, whether gender
differences in performance continue to exist, and to discuss how this relates to the current
literature on gender differences in spatial cognitive tasks. Another aim is to determine if gender
differences exist in trial-by-trial metacognitive accuracy, and if so how this may be related to
gender differences in performance.

Another important goal of the present thesis work is to examine whether trial-by-trial
metacognitive accuracy, confidence and navigation performance are affected by stereotype
threat/lift, also known as stereotype activation. Stereotype threat, a term originally coined by
Steele and Aronson (1995), refers to a phenomenon whereby reminding participants of a
stereotype causes the individuals who are negatively regarded in the stereotype to perform more
poorly than they otherwise would have had the stereotype not been mentioned. For instance,
telling or insinuating to participants that women are poor drivers can induce female participants
to drive more poorly than females in control conditions (e.g., Derks, Scheepers, Van Laar, &
Ellemers, 2011; Yeung & von Hippel, 2008). Steele and Aronson (1995) proposed that this
works by putting pressure on the individual to represent their social group which induces
anxiety, causing attentional deficits that lead these individuals to objectively perform worse than
if they were not reminded of the stereotype. Several studies have shown that by alleviating the
effects of stereotype threat, the gender gap in a variety of tasks is reduced (for a review, see
Spencer, Logel, & Davies, 2016). One goal of the current study is to determine if the gender gap

in metacognitive accuracy, confidence, and spatial navigation performance can be reduced by



alleviating such effects. The findings from the current thesis also have the potential to add to the
body of research supporting the effects of stereotype threat on spatial tasks, by expanding this
effect to navigation-related tasks and stereotypes.

A final goal of this research is to initiate the development of methodologies to facilitate
the study of trial-by-trial metacognition as it pertains to spatial navigation by applying the
Nelson and Nerens (1990) metamemory framework. As is the case with work in stereotype
threat, the contribution here is to expand previous work on metacognitive accuracy to a wider
range of cognitive tasks. Previous work in this area has largely centered on word-pair association
learning, and there have been calls to expand it to other types of stimuli and other tasks. Among
other things, this will allow us to examine whether the Nelson and Narens framework applies to
higher-order cognitive tasks, as opposed to simple paired-associate learning.

This dissertation begins with the history of research in spatial navigation, with specific
attention paid to first-person virtual navigation tasks. This is done in order to establish a
historical context for the research that follows. Next, the history of research in metacognition
will be presented, with specific attention paid to Nelson and Narens’ (1990) framework for
metamemory. This is followed by a discussion as to the practical and theoretical significance of
applying metacognitive research to the field of spatial navigation. Once the state of these two
fields of research has been established, a more specific review of the scientific literature on
gender differences in spatial navigation, metacognition, and confidence will be presented. The
third chapter will end with a discussion as to how these gender differences may be related to
stereotype threat.

The fourth chapter presents the rationale for the proposed research as well as the general

protocol of three experiments designed to empirically answer the questions outlined above. The



first two experiments are designed to examine if, when applying the Nelson and Nerens (1990)
metamemory framework to our navigation task, we indeed see gender differences in navigation
performance and/or trial-by-trial metacognitive accuracy. The third experiment involves using a
stereotype facilitation procedure in order to determine if stereotype affects the gender difference
in metacognitive accuracy and navigational performance. The final chapter of this dissertation
includes discussions of the theoretical and practical implications of gender differences in
navigation performance and trial-by-trial metacognition, and of the effects of stereotype

activation in this novel context.
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CHAPTER 1: SPATIAL NAVIGATION

THE HISTORY OF RESEARCH IN SPATIAL NAVIGATION

Navigation is a complex skill requiring the coordination of multiple cognitive processes.
To understand it, we need to understand each cognitive sub-process and its role in the larger
navigation system. A vast amount of research has been undertaken in an attempt to do this.
However, the various models that have been developed to guide and organize this abundance of
findings are relatively broad and general, and take a wide variety of perspectives. Moreover,
there are varying degrees of overlap between one model and the next. In order to establish the
historical context of my proposed work, I describe below the three most predominant navigation
frameworks: Cognitive Mapping, Spatial Knowledge, and Navigational Strategies and
Perspectives. The relevance of my own work to these models will be discussed in later sections.
In order to provide a more complete foundation for the current research, neuroscientific findings
as well as research pertaining specifically to first-person virtual navigation tasks will also be

covered.

Cognitive Maps

One of the most widely referenced concepts in the literature on navigation is that of the
cognitive map. Edward C. Tolman developed this concept in 1948, in an attempt to improve on
the one-dimensional “stimulus-response” understanding of learning and navigation prevalent at
the time. He developed the idea of cognitive maps in order to explain the results of his
experiments involving rats, including some in which they navigated mazes using shortcuts.

Tolman suggested that the rats could only do this by creating a cognitive map of the maze during
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the initial exploration phase of the experiment. Tolman argued that the ability to use novel
shortcuts was evidence contrary to previous theories suggesting that non-human navigation was
simply a result of stimulus-response associates, and suggested we view navigation as its own
kind of learning (Tolman, 1948).

Since Tolman's time, cognitive maps have become almost synonymous with the simpler
and broader concept of spatial representations. Generally, a “cognitive map” is defined as an
internal mental representation of relative spatial information, or more explicitly the layout of a
specific environment (Golledge & Spector, 1978; Waller & Nadel, 2013)'. It is important to note
that most models of cognitive maps hold them to be incomplete and to routinely contain
systematic distortions (Golledge & Spector, 1978; A. Stevens & Coupe, 1978; Tversky, 1992).
Moreover, cognitive maps are thought to be sparse, in that they capture only certain classes of
details in the environment depending on the individual, the strategy they are using, and the
information available. For instance, individuals only given a map to learn a route perform better
than those only given direct exposure to the environment to learn a route (Lloyd, 1989). This is
thought to be because a map provides only minimal and relevant information about an
environment, and thus may be a more efficient source of information for building an effective

(i.e., sparse) cognitive map.

Spatial Knowledge

While the concept of cognitive maps has been influential, many researchers have

preferred to work within the broader and more hierarchical theoretical context of "spatial

! Other researchers have defined cognitive maps in slightly different ways throughout the years (e.g., Gallistel,
1989; Thinus-Blanc, 1988).
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knowledge". This has classically been categorized into three general types: landmark, route, and
survey knowledge (Siegel & White, 1975). Landmarks are significant major features in the
environment that can be the location of an associated action or can serve as a beacon to aim
toward. The next level in spatial knowledge is “Route Knowledge”. It is usually defined by a
series of place-action associations (i.e., a route), and it allows one to follow a path from one
location to another (e.g., when giving directions). However, “Route Knowledge” does not
require metrics or knowledge of the overall environment, only the information needed at specific
decision points where it is necessary to change heading. The final and all-encompassing level is
“Survey Knowledge” which includes information about the overall layout and how routes fit
together with correct distances and angles independent of the navigator’s position. In other
words, it is the kind of information contained in cognitive maps, perhaps like those described by
Tolman in 1948 (McNamara, 2013).

A recent review of the literature on spatial knowledge has argued for the inclusion of
“Graph Knowledge” in between Route and Survey Knowledge. Graph Knowledge represents
decision points according to graph theory, without the need for metric distances like in Survey
Knowledge (Chrastil, 2013). Thus, it allows the finding of new sequences of routes between
landmarks. This is unlike Route Knowledge, which only represents one route. In addition, Graph
Knowledge is highly influenced by the geometry of the environment, which many studies have
found is information we are sensitive to (e.g., Hartley, Trinkler, & Burgess, 2004; Nardi,
Newcombe, & Shipley, 2010; Schmidt & Lee, 2006; Shelton & McNamara, 2001). For instance,
participants bias angles in their spatial learning towards right angles (Byrne, 1979), hinting that

the person had encoded Graph Knowledge but not yet achieved more metrically-precise Survey
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Knowledge. Indeed, most navigation tasks are likely assessing Graph Knowledge, as most tasks
involve multiple possible routes with no need for metric distances.

Although the four forms of spatial knowledge seem to be part of a linear sequence (i.e.,
Landmark < Route < Graph < Survey), there is evidence that the order in which we learn them is
different from one individual to another (Wolbers & Hegarty, 2010) and one task to another
(e.g., Klatzky et al., 1990; Montello, Waller, Hegarty, & Richardson, 2004; Wiener, Buchner, &
Holscher, 2009). Notably, Ishikawa and Montello (2006) found that a small proportion of
participants had relatively accurate Survey Knowledge after only one tour of two connected
routes, while only half of participants improved their Survey Knowledge at all over time. These
results suggest that the sequence of learning Route and Survey information may not always
manifest strictly the same for everyone, with some people prioritizing one over the other
(Ishikawa & Montello, 2006). Moreover, Foo, Duchon, Warren, and Tarr (2007) found that
despite having acquired survey knowledge their participants relied on erroneous landmark
knowledge when taking a novel shortcut. This demonstrates that survey knowledge does not
necessarily dominate lower forms of knowledge (Foo et al., 2007).

Many researchers have suggested the existence of “spatial profiles”, whereby some
participants have a tendency to focus mainly on Route Knowledge while others use Survey
Knowledge (Ishikawa & Montello, 2006; Nori & Giusberti, 2003). According to Nori and
Giusberti (2003), survey-oriented participants do not show any alignment effect, unlike
landmark- and route-oriented participants. The alignment effect is exhibited by better
performance when the spatial perspective at test is the same as the spatial perspective at learning.
Nori and Giusberti (2003) suggest that their results are likely due to survey-oriented participants

representing spatial information in allocentric coordinates, which are independent of perspective.
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These profiles may reflect differences in spatial strategies and perspectives, where a route learner
uses a more egocentric point-of-view and survey learners use a more allocentric point-of-view. It

is to this topic that we turn to next.

Navigational Strategies and Frames of Reference

It is widely held in the literature that there are two basic complementary processes for
determining position and directional heading while navigating (Calton & Taube, 2009): path-
integration and landmark navigation. Path integration, also known as dead-reckoning or self-
orientation, is an egocentric process by which the subject's current position is estimated by
performing a sequential integration of direction and speed of movement over time since the last
known position (Gallistel, 1990; Mittelstaedt & Mittelstaedt, 1980). Mittelstaedt and Mittelstaedt
(1980) provided some of the first documented evidence of the exclusive use of idiothetic cues
(i.e., cues that are internal to the organism) in navigation in a mammal. They showed that a
gerbil mother, upon finding her displaced pups, can take a direct route back to the nest in total
darkness, and therefore in the absence of orienting landmarks. A second method of estimating
one’s position is landmark navigation (also known as place recognition or piloting) which relies
upon the presence of stable allothetic cues. These are cues external to the organism, like
landmarks or geographical features (Gallistel, 1990). The Morris Water Maze is widely held to
be the best example of a technique that emphasizes allocentric processing (Morris, 1984). The
animal is placed in a pool of opaque water at random locations and must learn to locate the
position of a hidden platform based on the established visual cues in the surrounding room.
Landmark navigation can be more accurate than path integration, because it does not suffer from

error accumulation; indeed positional errors can be continuously reassessed relative to new
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external cues (i.e., landmarks). However, its efficacy depends on the availability of salient and
discriminable landmarks. These two forms of navigation—path integration and landmark
navigation—are generally held to be complementary and are likely used in concert during every
day navigation (Calton & Taube, 2009; Gallistel, 1990).

There is another theoretical perspective one encounters when examining the cognitive
literature that is parallel to the landmarks versus dead-reckoning model. This involves a
consideration of two complementary perspectives when approaching navigation called
egocentric and allocentric. An egocentric perspective uses the self as the ultimate reference point
and can involve an eye, head, or body-based coordinate system (McNamara, 2013). Conversely,
an allocentric perspective uses external landmark cues as relative reference points, such as the
Sun, the true North, or the features on the walls in a room (Wehner, Michel, & Antonsen, 1996).
An allocentric perspective is often considered to involve a third-person point of view or frame of
reference, such as one has while looking down at a map; conversely, an egocentric perspective is
necessarily understood to involve a first-person point of view or frame of reference.
Interestingly, men have been shown to prefer an allocentric strategy while women tend towards
an egocentric strategy (for more on gendered strategy differences see Chapter 3). Several
behavioral studies (e.g., Burgess, 2008; Mou, McNamara, Valiquette, & Rump, 2004; R. Wang
& Spelke, 2002; Xiao, Mou, & McNamara, 2009) and neurophysiological studies (e.g., R. A.
Andersen, Snyder, Bradley, & Xing, 1997; Matsumura et al., 1999; Snyder, Grieve, Brotchie, &
Andersen, 1998) have concluded that egocentric and allocentric frames of reference are distinct

but used in conjunction to represent the spatial structure of the environment.
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Convergence with Neuroscience and Animal Models

As a complement to the cognitive literature, neuroscientific findings can be helpful in
determining convergent and concurrent validity while also providing additional theoretical
insights. Until the advent of non-invasive neuroimaging techniques, the majority of
neuroscientific findings made use of animal models. In the context of animal spatial cognition
research, the primate literature has mainly focused on tasks requiring the manipulation of spatial
relationships within the personal space of the subject (e.g., Buneo & Andersen, 2006; Colby &
Goldberg, 1999; Snyder et al., 1998). Rodent studies have tended to emphasize tasks on a much
larger relative scale, addressing issues of whether an animal can accurately navigate from one
location to another (e.g., Parron & Save, 2004; Save, Guazzelli, & Poucet, 2001; Save &
Moghaddam, 1996). Although rodent studies in cognition have given us a vast amount of
information about how creatures navigate, it is important to take their limitations into
consideration, particularly with regards to translational comparability. It is safe to say that human
navigation is special because they use navigational supports (e.g., maps, compasses) and
navigational language, which likely involve far more spatial transformation processes. Animals
also have different sensory strengths, which could change the information they use to navigate.
Having said this, research does suggest that there are some similarities in how humans and other
mammals navigate. For instance, there is evidence that animals and humans both navigate
primarily by short-term egocentric representations that are limited by the information in the
environment (R. Wang & Spelke, 2002). However, the authors agree that distinctly human
navigation is characterized by building on these representations. Other research on similarities
between humans and other animals' navigation systems has focused on identifying homologous

brain regions between humans and other species (e.g., Amaral & Lavenex, 2007; Furtak, Wei,
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Agster, & Burwell, 2007; Reep & Corwin, 2009; Rushworth, Behrens, & Johansen-Berg, 2006;
van Strien, Cappaert, & Witter, 2009). Among other things, this provides a basis of comparison
between species in neurocognitive research.

Despite the caveats noted above, animal studies clearly have a great deal to offer,
especially in terms of understanding the neurological substrates of navigation. Indeed, John
O’Keefe, May-Britt Moser and Edvard Moser were awarded the 2014 Nobel Prize in Physiology
or Medicine for their research with single-cell recordings showing that there are categories of
neurons in the hippocampus and surrounding areas which help to code for an individual’s
cognitive map. One of the central findings in this work is the discovery of “place cells”, which
exhibit a particular firing pattern when the animal is at specific locations in an environment
(O'Keefe & Dostrovsky, 1971). Another key finding regarding how brains navigate was the
discovery of "grid cells" in the entorhinal cortex (Hafting, Fyhn, Molden, Moser, & Moser,
2005). These cells fire whenever an animal enters any one of a number of spatial locations,
which are arranged in a triangular grid pattern. The discovery of this pattern of firing in grid cells
led to the hypothesis that they encode a cognitive representation of Euclidean space (Hafting et
al., 2005). Grid cells are similar to place cells in the sense that they fire according to the location
of the animal. However, place cells fire according to specific relative locations like landmarks,
and require visual input. In contrast, grid cells do not require visual input to fire and can adapt
their configuration in a new environment (Quirk, Muller, Kubie, & Ranck, 1992). Grid cells fire
according to an egocentric absolute perspective and are thought to track the relative movement of
the individual (Hafting et al., 2005). Thus, grid cells have been proposed to form an important
component of the neural substrate of navigation via path integration (Fuhs & Touretzky, 2006;

McNaughton, Battaglia, Jensen, Moser, & Moser, 2006). Although, the same areas comprised of
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place cells and grid cells were recently found to also map non-spatial dimensions along a
continuous sound frequency axis, with particular firing fields at particular sound frequencies
(Aronov, Nevers, & Tank, 2017). The authors suggest the hippocampal-entorhinal systems may
be used to help represent a variety of behavioral tasks beyond spatial navigation.

A third set of findings using single-cell recordings have found “head direction” cells,
which are neurons that fire based on the direction the animal is facing and are commonly thought
to form the basis of the “sense of direction” (Calton & Taube, 2009; Taube, 2007; Taube, Muller,
& Ranck, 1990). They are found in a number of areas in and around the hippocampus (Calton &
Taube, 2009; Mizumori & Williams, 1993; Ranck Jr, 1984; Taube, 1995; Taube et al., 1990; van
Groen & Wyss, 1992, 1995; Vogt & Miller, 1983). They have been shown to connect to the
entorhinal cortex, which contains grid cells (Wyss & van Groen, 1992). However, research on
head direction cells is relatively new and it is unclear how exactly they are distributed and how
they are connected to grid and place cells. More recently, subiculum hippocampal cells were
found to keep track of an individual’s axis of travel (Olson, Tongprasearth, & Nitz, 2017).

Although these cells were originally discovered in rodents, studies using single-cell
recordings on brain surgery patients have since confirmed similar cells in humans. Several
studies found cells in the hippocampus that respond to specific spatial locations and cells in the
parahippocampal region were found to respond to views of landmarks (Ekstrom et al., 2003).
These give us evidence of human place cells. In addition, J. Jacobs, Kahana, Ekstrom, Mollison,
and Fried (2010) found, in the entorhinal cortex, evidence for what they termed "path cells". That
is, cells whose activity indicated whether a patient was taking a clockwise or counter clockwise

path around a virtual square road. This same group of researchers also found that humans have
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grid cells that map onto the layout of a simulated town (J. Jacobs et al., 2013), although this line
of evidence is preliminary.

While single-cell studies and other invasive techniques cannot routinely be used in
humans, other neuroscientific methods using humans have corroborated much of the research
using animal models. For instance, neuroscientific studies provide convincing evidence for a
central role of the posterior parietal cortex (PPC) and the hippocampal formation during
navigation. Based on lesion and fMRI studies, the PPC is likely involved in egocentric spatial
processing (e.g., Janzen & Weststeijn, 2007; Leibowitz & Post, 1982; Mesulam, 1981; Posner,
Walker, Friedrich, & Rafal, 1984; Schneider, 1967, 1969; Shelton & Gabrieli, 2002; Trevarthen,
1968; Van Asselen et al., 2006; Weniger, Ruhleder, Wolf, Lange, & Irle, 2009; Wolbers,
Hegarty, Buchel, & Loomis, 2008; Wolbers, Weiller, & Buchel, 2004). Additionally, lachini,
Ruggiero, Conson, and Trojano (2009) showed that patients with right parietal damage were
impaired on an egocentric task whereas those with left parietal damage were impaired on an
allocentric task. This could be due to an egocentric frame of reference, which is attributed to the
right parietal cortex, being required for action and motion, while the left parietal cortex is known
for being specialized in categorical spatial processing (Iachini et al., 2009). Furthermore, fMRI
and TMS (transcranial magnetic stimulation) studies have shown the PPC to be involved in
spatial working memory tasks (e.g., D'Esposito et al., 1998; Kessels, d'Alfonso, Postma, & de
Haan, 2000; Koch et al., 2005; Smith & Jonides, 1998). Several studies have also found
sustained firing of cells in the PPC during the delay associated with spatial working memory
tasks, suggesting these cells may have been “holding” the spatial information (Constantinidis &
Procyk, 2004; Constantinidis & Steinmetz, 1996; Constantinidis & Wang, 2004; Curtis, 2006;

Linden, 2007). More generally, it has been proposed that the PPC is involved in the integration
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of visual, spatial, and temporal information in working memory similar to the episodic buffer
proposed by Baddeley (2000).

Conversely, implication of the hippocampal formation in navigation is supported by
evidence from neural imaging, lesion, reversible inactivation, early gene expression, and
electrophysiological studies (e.g., Frankland & Bontempi, 2005; Maguire, Woollett, & Spiers,
2006; Martin & Clark, 2007). This is in addition to the above-mentioned studies using single-cell
recording techniques (Jayet Bray, Quoy, Harris, & Goodman, 2010; O'Keefe & Burgess, 2005;
O'Keefe & Nadel, 1978; Taube et al., 1990). The hippocampal formation, along with related
temporal lobe regions, are known to play a crucial role in episodic, contextual, and spatial
memory functions (Burgess, Maguire, & O'Keefe, 2002; Eichenbaum, 2004; Moscovitch et al.,
2005). Notably, H.M., known for having a bilateral medial temporal lobectomy, was deficient in
storing and retrieving new spatial routes but did not show deficits in any other forms of spatial
memory. This tells us the medial temporal lobe, including the hippocampal formation, is likely
involved in the encoding and retrieval of new spatial memories. Similarly, patients with
hippocampal damage display little if any navigational impairments in familiar environments
despite being markedly impaired in novel ones (Calton & Taube, 2009).

Moreover, a well-known study on this topic showed, using PET scans, that London taxi
drivers have larger mid-posterior hippocampi than non-taxi driving controls (Maguire et al.,
2000) as well as compared to bus drivers (Maguire, Woollett, et al., 2006). This supports the idea
that cognitive training can physically alter the brain and shows that this applies to spatial
memory. In addition, several studies have found that increased hippocampal volume and
activation were correlated with performance on an orientation-based wayfinding task or strategy;

and, conversely, increased caudate nucleus volume and activation were related to performance
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on a route learning wayfinding task or strategy (Bohbot, Lerch, Thorndycraft, Iaria, & Zijdenbos,
2007; Head & Isom, 2010; Iaria, Petrides, Dagher, Pike, & Bohbot, 2003). Interestingly, those
who had more grey matter in the caudate nucleus had less grey matter in the hippocampus and
vice versa (Konishi & Bohbot, 2013). This suggests that navigation strategy may involve a "zero
sum game" where neural resources devoted to one strategy causes fewer resources to be devoted
to the other, corroborating the idea of spatial “profiles” described above.

In summary, the PPC is likely involved with egocentric spatial processing and the
encoding of route knowledge, while the hippocampal formation is likely involved in allocentric
processing and the encoding of graph/survey knowledge. It is important to note that both the PPC
and hippocampal formation have been shown to be involved in spatial working memory, which
makes it difficult to fully understand their individual roles and how spatial working memory in
particular is manifested within the brain. Indeed, this would be an important discovery
considering most navigation tasks require some form of spatial working memory, including first-

person virtual navigation tasks.

REAL-WORLD VS VIRTUAL NAVIGATION

Research in navigation involves examining the combination of action, cognition, and
perception as they interact in complex environments. It therefore imposes high demands on
experimental design (van Veen, Distler, Braun, & Biilthoff, 1998). Researchers have attempted
to meet these demands via either virtual or real-world experimental settings, which each have
their own advantages and disadvantages. For instance, to engage in systematic research and to
ensure reproducibility, precise control over the presented stimulus is required. In the case of

navigation, this involves parametrically controlling the characteristics of the environment in
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which the subject is navigating, including landmarks, lighting, and traffic. Virtual environments
better allow researchers to do this compared to real-world navigation research. Furthermore, it is
important to engage the participant and to ensure proper interactivity with the environment using
response feedback in order to close the action-perception loop. These latter requirements pose
challenges for a virtual experimental setting, as the action console (e.g., joystick, keyboard)
cannot be perfectly calibrated compared with real-world interactions. However, compared to
other digital and in-lab tasks (e.g., static scene display tasks, passive navigational videos), three-
dimensional virtual environments have a dynamic environment in which the participant is
actively engaged allowing researchers to better measure the participant’s interactions with the
environment.

While virtual environments provide many advantages for navigation researchers, the
artificial nature of the stimuli leads to concerns over the generalizability of their results to
everyday wayfinding. For instance, there seem to be differences in spatial mental representations
elicited by virtual versus real environments. Richardson, Montello, and Hegarty (1999) showed
that, consistent with previous studies (e.g., Philbin, Ribarsky, Walker, & Hubbard, 1998;
Witmer, Bailey, Knerr, & Parsons, 1996), spatial learning was generally worse for participants
who learned from a virtual environment than for those who learned from a real environment. A
reason for this could be that virtual environments generate greater alignment effects than real
world environments (e.g., Chance, Gaunet, Beall, & Loomis, 1998; Klatzky, Loomis, Beall,
Chance, & Golledge, 1998). In other words, virtual reality platforms may not be sufficient to
elicit the same qualitative kind of performance as real world environments. However, some
research provides data that goes against this idea. For instance, the development of spatial

knowledge during navigation has been found to be no different between real and virtual
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environments (Ruddle, Payne, & Jones, 1997). In addition, learning from a virtual tour has been
found to transfer to the corresponding real environment (Darken & Banker, 1998).

Another important limitation of virtual environments is that they often induce a form of
motion sickness, called “simulator sickness” or “simulator adaptation syndrome”. Simulator
sickness is likely due to a mismatch between visual cues of movement and a lack of vestibular
inertial cues, which is similar to motion sickness where the opposite happens (Reed-Jones, Reed-
Jones, Trick, & Vallis, 2007). Simulator sickness could have an effect on behavioral data, as
participants are often dizzy and have difficulty concentrating when experiencing this
phenomenon. Furthermore, simulator sickness is more often seen in women who, by
consequence, also exhibit higher dropout rates, which could create a selection bias (Kennedy,
Lanham, Massey, Drexler, & Lilienthal, 1995; Rizzo, Sheffield, Stierman, & Dawson, 2003).
Research has shown that simulator sickness is associated with virtual set-ups with a high field-
of-view and with higher-rated levels of immersion (R. C. Allen, 2000; Lin, Duh, Parker, Abi-
Rached, & Furness, 2002). Despite researchers finding ways to mitigate simulator sickness, it

remains an important consideration in virtual reality research settings.

First-Person Virtual Navigation Tasks

A first-person virtual navigation task is one where the participant can actively navigate
through a virtual computer-generated environment in three dimensions and in which the view
into the environment from the screen takes a first-person perspective. This is generally
considered the most ecologically valid kind of task in a virtual setting as it mimics the dynamic
visual input of real-life navigation, at least compared to two-dimensional and third person

perspective tasks. First-person virtual navigation tasks can be designed to reflect day to day
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experiences and to be very similar to the real-world (e.g., Dalgarno & Lee, 2010; Dede, Ketelhut,
& Ruess, 2002; Messinger et al., 2009). This type of task can vary depending on the type of
virtual platform and technical set-up, from a simple desktop computer and keyboard to a 360
field-of-view simultation room with a dynamic floor. It is important to take these platform
differences into consideration because individual differences, such as age and gender, have been
shown to interact with variations in the virtual platform in determining spatial learning and
performance outcomes (e.g., Calisir & Gurel, 2003; Chen & Ford, 1998; Hunt & Waller, 1999;
Inal & Cagiltay, 2007; Jansen-Osmann, Schmid, & Heil, 2007; Waller, 2000). For instance, a
study compared performance between men and women on a test of survey knowledge when
using a large flat-screen display versus a full-dome simulator (Hedge, Weaver, & Schnall, 2017).
It found that men improved their performance after learning in the simulator compared to the flat
screen, but no benefit occurred for women. Furthermore, performance correlated with spatial
visualization ability in men but not women. While these more elaborate platforms are becoming
more prevalent, most research to date has used a simple desktop computer, flat screen, and
keyboard buttons for controls.

Virtual navigation tasks and subsequent behaviors on these tasks can also vary based on
the content and interactivity of the virtual environment (e.g., Yilmaz, Baydas, Karakus, &
Goktas, 2015). For instance, researchers can control, based on their research question, whether to
present landmarks or other cues, navigational aids like top-down maps, and/or interferring
stimuli. Additionally, this type of control enables these tasks to study navigation in very different
scenarios like in buildings, outdoor open spaces, towns or even mazes where participants can be
given a variety of goals to perform against (e.g., Antonova et al., 2011; Astur, Ortiz, &

Sutherland, 1998; Canovas, Espinola, Iribarne, & Cimadevilla, 2008; Maguire, Nannery, &
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Spiers, 2006). This control allows researchers to create a task that can reliably be said to require
a specific navigation strategy based on available cues or the type of goal used (for a review, see
Wiener et al., 2009). For instance, landmark-based first-person virtual navigation tasks can be
virtual versions of the Morris Water Maze (e.g., Astur et al., 1998), or they can present
landmarks at specific decision points in order to assess spatial memory. This is in contrast to
orientation-based first-person wayfinding tasks which are often devoid of landmarks, in order to
avoid any confounding strategies, and often require the participant to find a shortcut or take a
novel route based on an acquired allocentric cognitive map, otherwise known as either graph or
survey knowledge (e.g., Nowak, Murali, & Driscoll, 2015). Another factor to consider is the type
of navigational learning material (such as maps, sets of directions, etc.) given prior to
performance in order to measure, for instance, spatial memory. Such materials have participants
use either active or passive learning, which have been shown to favor different forms of
navigation performance (Carassa, Geminiani, Morganti, & Varotto, 2002). For instance, active
navigational learning has been shown to favor spatial mapping, otherwise known as graph or
survey knowledge (Plancher, Tirard, Gyselinck, Nicolas, & Piolino, 2012). Conversely,
landmark recognition has been shown to be improved after passive navigation versus active in
unfamiliar environments (von Stulpnagel & Steffens, 2012).

The Hebb-Williams mazes (Hebb & Williams, 1946) are a set of mazes originally used
for intelligence testing in mice (for a review, see R. E. Brown, 2016) whose layouts and protocol
have since been standardized over several decades of research (for reviews, see Rabinovitch &
Rosvold, 1951; Shore, Stanford, Maclnnes, Klein, & Brown, 2001). While these mazes were
originally conceived for mice, they have since been adapted to humans using virtual reality (e.g.,

Chebat, Maidenbaum, & Amedi, 2017; Shore et al., 2001; Therrien & Collin, 2010). These
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studies have confirmed the robust gender difference in maze performance favoring males in mice
(e.g., Caballero-Reinaldo, Navarro-Francés, & Arenas, 2017) and in both mice and humans (e.g.,
Shore et al., 2001). For instance, Shore et al. (2001) found that women compared to men took
longer paths and went down more blind alleys, in addition to taking longer pauses, and that the
same was true of female mice compared to male mice. Shore et al. (2001) were not only able to
replicate a large body of research showing such gender differences on a wide range or spatial
tasks (e.g., Galea & Kimura, 1993; Gron, Wunderlich, Spitzer, Tomczak, & Riepe, 2000), but
their results also showed that Hebb-Williams mazes can be adapted to humans using virtual
reality. In addition, Virtual Hebb-Williams mazes have also been described as a rich enough
environment to provide a sense of depth without being so immersive as to induce simulator
sickness (S. Nichols, 1999).

The current study used a series of first-person virtual Hebb-Williams mazes, adapted
from Shore et al. (2001), in order to assess orientation-based navigation performance. The mazes
were devoid of landmarks or any other spatial or non-spatial cues other than the first-person
perspective’s visual information and movement information (e.g., time it took to walk to the next
wall). Prior to performance, participants were shown passive video tours of the same virtual
maze environments. As described above, active learning would have been better suited to
building graph knowledge and supporting an orientation-based navigation strategy. However, the
Hebb-Williams mazes are quite simple and performance in these mazes using active learning
would have potentially been at ceiling. It is for these reasons that we chose to use a passive
learning procedure in the work reported in this thesis.

Considering a large majority of recently developped video games are also virtual

environments in three dimensions with a first-person perspective (e.g., Call of Duty, Halo, and
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Portal), it is not unreasonable to presume that experience playing these video games may also
result in better performance on research-based first-person navigation tasks (e.g., Murias et al.,
2016). In addition, men have been shown to have more experience with computers (Cooper,
2006) and video games in general (Lucas & Sherry, 2004), which may not only help to make
them more comfortable using computers peripherals (e.g., keyboards and joysticks) but could
also result in better-developed related cognitive skills (e.g., Achtman, Green, & Bavelier, 2008;
Blumberg & Fisch, 2013; Dye, Green, & Bavelier, 2009). In fact, a recent study found that
individuals with experience playing navigational video games more commonly employed
optimal navigation strategies compared to those without experience (e.g., Murias et al., 2016).
Moreover, not only did they find that males performed better than females and had more
experience playing video games, but their results also showed that those with experience playing
video games performed better irrespective of gender. However, their analyses also indicated that
men’s superior performance could not be entirely explained by video game experience alone
(Murias et al., 2016). In contrast, there is also research that did not find video game experience to
affect performance during a simulated driving assessment (e.g., Stinchcombe, Kadulina,
Lemieux, Aljied, & Gagnon, 2017). Additionally, in two previous studies, each using a very
similar first-person virtual spatial navigation task to the current study, video game experience
was shown to have no effect on performance (Shore et al., 2001; Therrien & Collin, 2010).
Thanks to developing technology in the last decade, research using virtual reality is
becoming less expensive and more ecologically valid, while also providing greater experimental
control. The use of virtual reality environments has made it possible to implement specific tasks
that enable researchers to explore the effects of environment layout and spatial information on

subjects' strategy and performance. Nevertheless, virtual reality fidelity issues, content validity
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concerns related to a lack of vestibular (and other) cues, and a lack of external validity due to
virtual environments not being naturalistic, are all limitations when compared to real world
navigation studies. However, these are generally considered small drawbacks compared to the
ability to address the complementary limitations of real-world environments, which include lack
of experimental control over the environment and its parameters/conditions. It is for all these
reasons we have decided to use a first-person virtual navigation task in our endeavors to

understand the metacognitive aspects of spatial navigation.

CHAPTER SUMMARY

Cognitive research on spatial navigation has focused on determining the nature of spatial
mental representations and their characteristics. Our review of the literature has shown that there
are two broad perspectives to consider: a first-person egocentric point-of-view and a third-person
allocentric perspective. Related to this are different strategies that can be used, which make use
of varying forms of spatial knowledge. As we acquire higher forms of spatial knowledge with
more exposure, we begin to build a representation of the navigation environment using a variety
of cell types in the hippocampal formation and posterior parietal cortex. The choice of navigation
strategy depends on the characteristics of the task being done, the nature of the information
present in the environment, and the individual tendencies of the navigator.

We have determined that the most widely used task in human navigation research, first-
person virtual navigation, has many advantages and disadvantages. In the current project, the
advantages outweigh the disadvantages, though important considerations will be kept in mind,

including ways to avoid simulator sickness, as well as its effects on our sample.
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CHAPTER 2: METACOGNITION

The capacity to reflect on our cognitive processes is a remarkable human characteristic.
Indeed, many scholars suggest that it is this characteristic that separates us from other animals
(Descartes, 1637; Metcalfe & Kober, 2005). The purpose of this chapter is to review this
complex higher-order cognitive process. We will begin with a review of research in
metacognition. This will be followed by a description of a widely used theoretical framework of
the process. The chapter concludes with a rationale for applying the framework to spatial

navigation research, an endeavor that has not been previously attempted.

THE HISTORY OF RESEARCH IN METACOGNITION

Interestingly, despite William James declaring introspection to be the cornerstone for
measuring psychological events in 1890 (James, 1890) there was little research done in the realm
of metacognition until the 1960’s. Once cognitive psychology came to the fore in the latter half
of the 20™ century, scientists began developing empirical studies on the subjective awareness of
cognitive processes and metacognition moved from the realm of philosophical discussion to
empirical investigation (for a review, see Hacker, 1998; Nelson, 1992). Flavell (1979), who was
studying children’s theory of mind, was particularly influential, coining the term
“metacognition” and defining it as “knowledge and cognitions about cognitive phenomena”
(p-906, Flavell, 1979). The general concept of metacognition can be applied to a variety of
specific cognitive processes, yielding such phenomena as metacomprehension (Maki & Berry,
1984), metamemory (Nelson & Narens, 1990) and visual metacognition (Levin, 2004). It is no

surprise then that metacognition has developed into a broad field of study and that its constructs
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have been operationally defined in many ways (e.g., Kluwe, 1982; Schooler, 2002). Despite
varying conceptions, the universal notion of metacognition remains true to its etymology:
“cognition about cognition” or “thinking about one’s own thoughts”.

Notably, Flavell (1979) refers to the awareness of ongoing cognitions as metacognitive
experience while awareness of how a cognitive process operates is considered metacognitive
knowledge. For example, knowing that one's navigation ability is poor would be considered
metacognitive knowledge, whereas realizing one went the wrong way during an ongoing
navigational task would be considered metacognitive experience.

It is important to note that the contemporary scientific literature makes a distinction
between global metacognition and local metacognition. (e.g., Kelemen, Frost, & Weaver, 2000;
Lieberman, 2004). Global metacognition is synonymous with metacognitive knowledge, as it
represents a general self-impression of how a specific cognitive process personally operates.
Thus, global metacognition can be measured using self-reported questionnaires on general
ability, comfort, or confidence during a specific type of cognitive task. For instance, the Santa
Barbara Sense of Direction Scale (Hegarty, Richardson, Montello, Lovelace, & Subbiah, 2002)
measures a form of global metacognition related to an individual’s self-perceived ability in
various daily navigation scenarios. Conversely, local metacognition is synonymous with
metacognitive experience, as it represents online metacognitive processing specific to an ongoing
task. It is also generally accepted that the source of global and local metacognitive thoughts is an
internal representation rather than an external source (Nelson & Narens, 1990). A more recent
framework by Nelson and Narens, in development since 1990, has focused on a belief that the
role of a local metacognitive system is to monitor and control that internal representation (Nelson

& Narens, 1990). That is, it not only involves knowing if one is currently lost but also
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determining what one should do about it (e.g., checking the map again) in order to better reach a

specific goal.

Nelson and Narens (1990) Metamemory Framework

According to Nelson and Narens’ (1990) framework for metamemory, cognitive
processes are divided into two hierarchical frames of reference, and communication between
these two frames of reference is accomplished through a cycle of monitoring and control
processes. The lower order frame of reference is at the object-level, which contains information
on the cognitive process in question, for instance a representation of your current cognitive map.
This information then flows up from the object-level to the higher order meta-level, with the
purpose of updating the meta-level with regard to the state of the object-level. This process is
called “monitoring”. The meta-level contains a dynamic representation of the object-level, and it
evaluates the accuracy of that representation based on a specific goal. An example of the meta-
level would be a representation of how incomplete or potentially false your cognitive map may
be (e.g., knowing you do not know the layout of a particular corridor in order to get to where you
need to go). Information from the meta-level then flows back down to the object-level using a
process called “control” in order to modify the state of the object-level by informing our actions
(e.g., exploring the missing corridor, looking at a road map, or asking for directions). In other
words, the role of metacognition is to regulate our cognitive processes in relation to the inputs
and outputs from the external world.

While Nelson and Narens’ theoretical framework for metamemory was an important
advance in metacognition research, their most critical contribution to the field is their

development of an empirical approach to studying the monitoring and control processes that
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exist at each stage of learning. In their approach, control processes are operationally defined by
measuring study time, strategy selection, and the duration of memory search, whereas
monitoring processes are operationally defined via prospective and retrospective judgments of
retrieval performance. The ability to operationally define metacognition in this way has allowed
the scientific community to develop methods of examining prospective and retrospective
judgments of retrieval information that are now well validated and that are applied in a variety of
research settings. These include three prospective judgments and one retrospective judgment,
namely: the Ease-of-Learning (EOL), the Judgment-of-Learning (JOL), the Feeling-of-Knowing
(FOK) and the Retrospective Confidence Judgment (RCJ). EOLSs reflect the a priori estimate of
item difficulty and JOLs are estimates of future retrieval performance (prospective confidence).
FOKSs are estimates of the likelihood of recognizing an item either prior to retrieval, after a failed
retrieval, or long after retrieval as a measure of long-term metamemory. RCJs are estimates of
the accuracy of the response affer retrieval (retrospective confidence). There is evidence to
confirm that these judgments are indeed distinct from each other and reflect separate monitoring
processes (Nelson & Narens, 1990). For instance, correlations between the four judgments are
weak (Leonesio & Nelson, 1990). In addition, JOLs and RCJs seem to rely on different sources
of information (e.g., Busey, Tunnicliff, Loftus, & Loftus, 2000; Dougherty, Scheck, Nelson, &
Narens, 2005) and are differentially affected by encoding manipulation (e.g., study time
manipulations affects JOLs but not RCJs; Dougherty et al., 2005), and neurological impairments
(e.g., Modirrousta & Fellows, 2008a; Pannu & Kaszniak, 2005). Finally, FOK and RCJ’s have
been shown to have common and distinct neural mechanisms (Chua, Schacter, & Sperling,

2009).
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An index of participants’ metacognition abilities can be obtained by comparing the
accuracy of their monitoring judgments to objective performance measures. The accuracy of
metacognitive judgments can be measured in two different ways (e.g., de Bruin & van Gog,
2012; Dunlosky & Rawson, 2012; Koriat, 2012). First, using the correlation between a
metacognitive judgment and performance on a criterion test (Nelson, 1984), one can determine
what Nelson and Narens call relative accuracy; this measure allows one to examine how
participants monitor items relative to each other. That is, relative accuracy reflects the degree to
which participants can discriminate between items that will and will not be remembered (i.e.,
monitoring) and affects which items participants select for further study (i.e., control). It is
usually determined using the Goodman-Kruskal gamma correlation between a numerical rating
of prospective confidence and a dichotomous variable indicating whether the participant was
correct or not in his/her answer.

The second method looks at the difference between the mean predicted memory
performance and the mean observed memory performance (Keren, 1991). This measure is called
absolute accuracy or calibration, and it is useful for determining overall under-confidence or
over-confidence. Absolute accuracy tells us how accurate someone is at predicting or assessing
their overall performance (i.e., monitoring) and affects the amount of overall time students invest
for further learning (i.e., control). Absolute accuracy is usually assessed by calculating a
calibration curve that demonstrates the relationship between the proportions correct and
subjective probability per condition. The position of this line relative to the perfect-judgment line
(i.e., a 45° line linking performance and predicted performance) indicates whether overall over-
confidence or under-confidence is being exhibited. For instance, the example calibration curves

in Figure 1, using data from Experiment 3 of this project, show both men and women to be
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slightly overconfident for RCJs as their calibration curves are below and to the right of the
perfect-judgment line. Absolute accuracy thus refers to the height of the line linking performance

to prediction (or, equivalently, the y-intercept), while relative accuracy refers to its slope.

RCJs
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Figure 1. Example calibration curve using data from
Experiment 3 of the current project. Blue lines
represent male groups, and red lines female. Line
styles represent different study conditions.

Research using these kinds of judgments has shown us, for instance, that EOLs are
correlated with study time (Nelson & Leonesio, 1988), as well as being a significant predictor of
an individual’s rate of learning (Leonesio & Nelson, 1990; Underwood, 1966). JOLs provide
insight into the current level of mastery as well as whether additional study time is warranted,
and are a significant predictor of retrieval performance, especially after a delay from study
(Thiede & Dunlosky, 1994). In a more recent study, overconfidence (i.e., monitoring) was
associated to earlier termination of practice (i.e., control) as well as underperformance (Dunlosky
& Rawson, 2012). Generally speaking, students are more effective at regulating their study time

as monitoring accuracy improves, and their performance increases (e.g., Hacker, Bol, Horgan, &
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Rakow, 2000; Mihalca, Mengelkamp, & Schnotz, 2017), but see a Dunlosky and Ariel (2011) for
a review. For example, participants spend less time studying self-judged easy items and focused
more on self-judged difficult items (for a review, see Son & Metcalfe, 2000). However, recent
findings have suggested that the relationship between monitoring accuracy and performance is
not so simple and may depend on task demands. For instance, Son and Metcalfe (2000) found
that, contrary to previous studies, participants allocated more study time (i.e., control) to easy
items, but only if study time was restricted and insufficient.

Despite a large body of research showing a positive relationship between monitoring
accuracy, control, and performance (e.g., Dunlosky & Ariel, 2011; Dunlosky & Rawson, 2012;
Hacker et al., 2000; Nietfeld, Cao, & Osborne, 2005; Thiede, Anderson, & Therriault, 2003),
there is little research on the causal link between these variables (Thiede et al., 2003). That is,
there is little evidence that increased monitoring accuracy influences control behaviors such that
they cause an improvement in performance. Furthermore, recent evidence related to a causal link
points to a more complex explanation than provided by previous theories (Schwartz & Efklides,
2012). For instance, several studies have posited a bidirectional link between monitoring and
control whereby a control process (i.e., spending extra time studying an item) can be used as a
cue and feed into monitoring (“that item must have been hard if it took so long to memorize,
therefore it probably won’t be remembered”) (e.g., Koriat, 2006, 2012; Koriat, Ackerman, Adiv,
Lockl, & Schneider, 2014; Koriat, Ma'ayan, & Nussinson, 2006). Recent work in local
metacognition has focused on the various types of internal and external cues individuals use to
help with accurate monitoring but also how they could cause metacognitive illusions (e.g.,
Castel, McCabe, & Roediger, 2007; Rhodes & Castel, 2009). Metacognitive illusions happen

when a particular piece of information (cue) affects metacognitive monitoring but not memory
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performance (for a review, see Bjork, Dunlosky, & Kornell, 2013). A further discussion on the

effects of various cues on each monitoring judgment will follow in the next subheading.

MECHANISMS UNDERLYING METACOGNITIVE MONITORING JUDGMENTS

The purpose of this section is to provide a more detailed understanding of three
monitoring judgments relevant to this dissertation (EOLs, JOLs, and RCJs)?. A large number of
studies have shown these judgments to be statistically distinct (e,g, Busey et al., 2000; Dougherty
et al., 2005; Modirrousta & Fellows, 2008b; Pannu, Kaszniak, & Rapcsak, 2005) including a
study that found the judgments correlated poorly with each other (e.g., Leonesio & Nelson,
1990). In view of that, each metacognitive judgment will be reviewed in its own section,
including the procedure for measuring it, followed by the relevant factors that can influence its
accuracy and the possible theoretical mechanisms underlying it. Despite several other types of
judgments having been introduced since the original Nelson and Narens (1990) framework, such
as the Judgment of Retention (Tauber & Rhodes, 2012) or the Judgment of Improvement
(Townsend & Heit, 2011), the literature thus far has focused far more on the original judgments
(for a review, see Dunlosky & Metcalfe, 2009) and so will this project. It is important to note
that most studies examining these monitoring judgments have used word-pair associations as
their cognitive task. There is no reason why the Nelson and Narens framework cannot not be
applied outside this context (e.g., Watier & Collin, 2010, 2011, 2012), but one must keep in mind

that much of the research is limited to the realm of verbal stimuli.

2 FOKs were not included in this section because they were not used in the experiments described below. See
Nelson and Narens (1990) for more about FOKs.
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Ease-Of-Learning Judgments

The degree of subjective ease of acquiring an item to an ideal level of mastery is reflected
in the EOL. Accordingly, an EOL can be thought of as a monitoring device used to determine
how much study time is to be allocated to a particular item (Nelson & Narens, 1990). For
instance, it has been found that, as the predicted level of difficulty increases, the time spent
studying also increases (Nelson & Leonesio, 1988). In addition, during self-paced study
conditions participants spend fewer trials memorizing easy-to-learn word pairs (Leonesio &
Nelson, 1990). EOLs have also been found to be significant predictors of retrieval accuracy
(Nelson & Leonesio, 1988; Son & Metcalfe, 2000), and rate of acquisition (Leonesio & Nelson,
1990). They enable study time to be efficiently allocated through effective monitoring.

EOLs can be collected in a variety of ways. For instance, participants can be asked to
draw a line whose length corresponds to the perceived level of difficulty (Underwood, 1966), or
to rank items based on ease of learning (e.g., Leonesio & Nelson, 1990; Son & Metcalfe, 2000).
However, they are typically collected by having participants rate the perceived difficulty of each
item separately on a numerical scale (e.g., de Carvalho & Yuzawa, 2001). The predictive relative
accuracy of EOLs is determined by comparing EOL ratings with performance across each trial,
using the Goodman-Kruskal gamma correlation. Absolute accuracy cannot be computed for
EOLs, as the EOL does not refer to the probability of a successful performance, but instead the
subjective ease or difficulty of an item. It cannot, therefore, be compared to observed
performance as there is no predicted performance.

While little research has examined the underlying mechanisms of EOLSs, they are
presumably based on inferential processes. Indeed, this must be the case, as the participants have

yet to memorize the items. Koriat has suggested the cue-utilization hypothesis to explain EOLs.
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This is where a priori knowledge of memory ability (metacognitive knowledge) and extrinsic
properties of the learning conditions are used to determine an item’s difficulty (Koriat, 1997,
2000). In other words, if participants believe that their memory for particular items will be poor,
then their EOLs will reflect those beliefs. In other words, participants base their EOL judgments
on a combination of their assessment of their own global memory abilities and characteristics of
the stimuli that suggest that the items will be easier or harder to learn. For instance, individuals
might believe that they generally have a poor memory for words, but believe that a given
stimulus word is very easy to memorize because it is short and distinctive; In this case they
might give a moderately high EOL judgment value when predicting how hard it would be to
memorize the word. Other cues can also influence EOLs. For instance, if participants are told
that certain word pairs are considered easy to memorize, they bias their EOLs to correspond with
the information (de Carvalho & Yuzawa, 2001). Further support for the cue utilization
hypothesis comes from the fact that EOL ratings form a bi-modal distribution if word pairs are
grouped according to easy versus hard difficulty levels (de Carvalho & Yuzawa, 2001) or into
semantically related versus unrelated groups (Dunlosky & Matvey, 2001). It is important to note
that EOLs are known for being the least accurate compared to the other judgments (Dunlosky &

Matvey, 2001; Leonesio & Nelson, 1990).

Judgments-of-Learning

A JOL reflects a monitoring process by which one estimates the likelihood of future
recall for a recently or currently learned item. For example, when navigators ask themselves
whether they can successfully recall the route they have just travelled, they are essentially

conducting a JOL. Like EOLs, JOLs determine whether additional study time is required (Nelson



CHAPTER 2: METACOGNITION 34

& Leonesio, 1988). However, in addition, they can be used as a control device to determine if a
new learning strategy is warranted, since learning has already begun (Nelson & Narens, 1990).
In order to account for how the outputs of JOLs control study time, Dunlosky and Hertzog
(1998) proposed the discrepancy-reduction hypothesis. The hypothesis assumes that participants
can monitor the strength of an item’s memory and compare it to a desired level of mastery,
allocating additional study time if the strength of the memory is insufficient. However, under a
time constraint, participants will allocate additional study time to the easiest items in order to
maximize the number of items retained (Thiede & Dunlosky, 1999) showing that a discrepancy-
reduction mechanism is not necessarily the optimal strategy for all learning situations.

Typical JOL experiments consist of a word-pair association task with a cued-recall test,
where the cues presented at the time of the JOL are also presented at test. Just as with EOLs, the
predictive relative accuracy of JOLs is determined by comparing JOL ratings with performance
across each trial, using the Goodman-Kruskal gamma correlation. Unlike EOLs, absolute
accuracy can be computed for JOL as it does refer to the probability of a successful performance.
It is, therefore, possible to compare observed performance to predicted performance via a
calibration curve, as described above.

A few reviews have established JOLs to be predictive of future recall performance with
an average gamma correlation of 0.56 (e.g., Koriat, 1997, 2000; Koriat, Sheffer, & Ma'ayan,
2002), however, these conclusions are based on studies with verbal stimuli (e.g., Koriat, 1997,
2000; Mazzoni & Nelson, 1995; Nelson, 1984; Nelson & Dunlosky, 1991) and it remains to be
seen whether these results will generalize to other domains, such as navigation.

Research on the underlying mechanisms of JOLs has demonstrated that they are

inferential in nature (Koriat, 1997, 2000). According to the cue-utilization hypothesis and
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supported by research findings, JOLs are based upon a variety of cues where the relative
importance of each cue depends on one’s a priori beliefs and on the demands of the task (e.g.,
Dunlosky & Matvey, 2001). Intrinsic cues refer to inherent characteristics of the stimuli, for
instance, concrete words produce increases in JOL and memory performance compared to
abstract words (Begg, Duft, Lalonde, Melnick, & Sanvito, 1989). This is likely because concrete
words are easier to process and yield superior recognition memory compared to abstract words
(Begg et al., 1989). Interestingly, JOLs increase for high frequency words but recognition
accuracy does not, likely because high frequency words are easier to process but do not
necessarily yield superior recognition memory, producing a metacognitive illusion. More
examples of intrinsic cues causing metacognitive illusions include an increase in JOL rating for
words spoken more loudly at study (Rhodes & Castel, 2009) or words presented in larger font
sizes during study (McDonough & Gallo, 2012; Rhodes & Castel, 2009). This effect is even seen
for words that are associated with a greater physical weight during study (Alban & Kelley,
2013). In addition, Matvey, Dunlosky, and Guttentag (2001) found a negative correlation
between response latency and JOL rating, which suggests that processing fluency can influence
JOL ratings. Thus, participants will be less confident in their ability to recall an item the longer it
takes to come to mind (i.e., low processing fluency).

In contrast, extrinsic cues are defined by learning conditions and strategies used by the
learner. For instance, relative JOL accuracy is also mediated by over-learning (Leonesio &
Nelson, 1990) as well as by practice (e.g., Koriat et al., 2002). That is, relative JOL accuracy was
greatest for items that continued to be presented after four consecutive correct trials compared to
items that were presented after only one correct trial (Leonesio & Nelson, 1990). Interestingly,

while some studies have found relative JOL accuracy to be improved when degree of learning is
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controlled (Shaughnessy & Zechmeister, 1992), many others have found a counter-intuitive
effect whereby increased practice results in increased under confidence both among relative and
absolute accuracy analyses (Koriat et al., 2002). This effect has been named the “under-
confidence with practice effect” and is considered to result from mnemonic debiasing; that is, by
counteracting the pre-existing biases we have towards overconfidence (Koriat, Ma'ayan, Sheffer,

& Bjork, 2006).

Retrospective Confidence Judgments

According to the Nelson and Narens (1990) framework, an RCJ is an assessment of the
probability that an item retrieved from memory at test is the correct target (e.g., Koriat,
Pearlman-Avnion, & Ben-Zur, 1998). It is the only metacognitive judgment in their framework
that is solicited after completing the task in order to assess past performance. The accuracy of
RClJs is usually assessed through calibration curves (Keren, 1991). This allows one to determine
the degree of over- or under-confidence being exhibited, although relative accuracy (i.e.,
Goodman-Kruskal gamma correlation) is sometimes reported as well.

Findings regarding the absolute accuracy of RCJs on general knowledge questions
usually demonstrate an overall trend of overconfidence (Lichtenstein, Fischhoff, & Phillips,
1982). This could possibly occur due to a bias to focus only on the evidence supporting a
retrieved answer while ignoring contradictory evidence (Koriat, Lichtenstein, & Fischhoff,
1980). Contrary to what one might expect, overconfidence is usually observed for difficult items,
whereas underconfidence is typically observed for easy items (Juslin, Winman, & Olsson, 2000).
This could be due to a greater ignorance of contradictory evidence during difficult tasks as

opposed to easy ones. RCJs also vary according to exposure duration, where relative accuracy
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decreases as exposure duration decreases (e.g., Brewer, Weber, & Wells, 2004; Busey et al.,
2000; Kelley & Lindsay, 1993; Memon, Hope, & Bull, 2003). Kelley and Lindsay (1993) found
that prior exposure to either correct or incorrect answers significantly decreased response latency
and increased confidence. That is, if an answer comes to mind quickly, regardless of its objective
accuracy, participants will be more confident in that answer. This again shows the impact of
retrieval fluency on metacognitive judgments.

The mechanisms that underlie RCJs appear to involve two general processes: an effortful
and deliberate consideration of selected answers against possible alternatives (Koriat &
Goldsmith, 1996; Koriat et al., 1980; Nelson & Narens, 1990) and an automatic and unconscious
application of an ease-of-processing heuristic (Kelley & Lindsay, 1993; Koriat & Levy-Sadot,
1999). Thus, retrospective confidence can emerge from either a thoughtful deliberation regarding
a previous performance, or a rapid and automatic assessment of one’s subjective feelings

regarding a previous performance.

RATIONALE FOR APPLYING A METACOGNITIVE FRAMEWORK TO SPATIAL

NAVIGATION

In order to operationally define the constructs underlying metacognition, Nelson and
Narens and others have proposed the use of prospective (i.e., EOLs, JOLs, and FOKs) and
retrospective (i.e., RCJs) judgments of local metacognition. These judgments are now commonly
used in a variety of research settings, including those with non-verbal stimuli such as face
identification (e.g., MacLin, 1999; Sommer, Heinz, Leuthold, Matt, & Schweinberger, 1995;
Watier & Collin, 2010, 2011, 2012), picture identification (Butterfield, Nelson, & Peck, 1988),

and even olfactory recognition (Jonsson & Olsson, 2003). Because only a few papers have
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investigated specific indicators of metacognition in relation to navigation or spatial cognition
(e.g., Schwartz, 2006; Vecchi, Albertin, & Cornoldi, 1999), it is hard to come to any firm
conclusions on the subject (but see next subsection for a brief review). That is, the literature in
regards to trial-by-trial self-rated performance during spatial navigation is sparse, which is one
motivation for conducting the present research.

While it is of interest to study the metacognitive aspects of spatial navigation in their own
right, there are also several practical and theoretical advantages to developing this line of
research. The role of conscious experience during navigational processes has been largely
neglected in the literature. For instance, ascertaining that we navigate more accurately in the
presence of more distinct and salient landmarks does not provide any understanding of the
subjective experience that participants have, or the conscious strategies that participants use to
make navigational decisions. By examining and assessing the subjective characteristics of
navigational behaviors, a more complete account of real-world navigation can be established.

Within Nelson and Narens’ (1990) framework, in order for a storage and retrieval system
to be effective it must be able to 1) monitor whether an item has been sufficiently processed, 2)
control whether further learning is necessary, and 3) determine whether a retrieved item is the
best answer to be offered. Subsequently, examining how monitoring and control mechanisms
operate during spatial navigation tasks will inform us regarding the conditions under which
navigational errors take place. For instance, prospective monitoring judgments (EOL and JOL)
can be used to determine if certain task variables (e.g., navigational aids like maps, number of
learning trials) or stimulus variables (e.g., characteristics of landmarks or routes) lead
participants to erroneously believe that a route is accurately and sufficiently committed to

memory. Similarly, examining RCJs can inform us regarding what kinds of task and stimulus
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characteristics lead people to falsely believe that they have successfully completed a navigation
task when they have not.

Applying a metacognitive paradigm to a spatial navigation task should elucidate several
underlying processes of route learning; for instance, how participants allocate their study time,
the encoding strategies they use and whether these are effective, what recall strategies they use in
order to make the best navigational decisions, and whether prospective confidence is an accurate
reflection of actual navigation ability. It also opens the door to hypotheses related to other
findings found in the spatial navigation literature, such as awareness of cognitive maps or spatial
knowledge, differences in implicit and explicit spatial knowledge, as well as whether spatial
perspectives can be controlled or optimized depending on environmental conditions. Finally, it
could provide an explanation for the persistent gender gap in navigation performance; That is, it
might be that men outperform women due to differences in domain-specific metacognitive

ability.

Metacognition in Spatial Navigation

As previously noted, research on metacognition, and more specifically the Nelson and
Narens’ (1990) framework, has been largely based on verbal tasks such as word-pair association
learning. It is therefore unclear to what degree this work is applicable to spatial navigation tasks.
That is, the findings from word-pair association typical of the metacognitive literature may not
generalizable to a higher-order cognitive process like spatial navigation, which typically use
complex dynamic visual stimuli and a variety of lower-order cognitive processes. Hence, it is
possible that distinct metacognitive systems for words and places might exist, and that these

might be qualitatively different in how they function. Evidence for this comes from Perfect and
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Hollins (1996, 1999) who showed that metacognitive judgments were not predictive of
performance for episodic information, though they were for semantic information. However, it is
also possible that a more general metacognitive system exists which may subserve various
cognitive functions. The current study seeks to launch research in this area by helping to
determine if the Nelson and Narens (1990) metamemory framework can be applied to a spatial
navigation task.

As noted earlier, there is very little research that combines spatial navigation (or even
spatial cognition in general) and metacognition. The only previous study to use the Nelson and
Narens framework within a spatial navigation task was by Schwartz (2006), who collected JOLs
in two experiments, respectively examining the use of maps and verbal directions. The results
show very strong gamma correlations, 0.81 and 0.85 respectively, between prospective
confidence and performance. These are very high compared to the findings of other studies
examining immediate JOLs, which typically find correlation values between 0.3 and 0.4 (Nelson
& Dunlosky, 1991). In addition, results showed good calibration (i.e., absolute metacognitive
accuracy) with both map and verbal direction tasks, with little evidence of over- or under-
confidence. Schwartz suggests that the high gamma correlations for his tasks may be due to their
ecological validity, since people typically have much more experience receiving directions and
using maps than, for example, memorizing word-pair associates.

While there has been only one wayfinding study examining the kind of trial-by-trial self-
assessments that are used in association with the Nelson and Narens (1990) framework
(Schwartz, 2006), there have been many examining the relationship of more global self-ratings
with spatial cognition performance. For instance, Vecchi et al. (1999) found no correlation

between a self-assessment questionnaire on everyday spatial memory and six spatial memory
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tasks. However, they did find that young and old participants indicated similar self-assessments
despite having significantly different performance levels (favoring the young participants). This
may indicate that confidence regarding spatial tasks does not adjust with age-related memory
decline, a finding also seen with other cognitive tasks (Vecchi et al., 1999). There are other
forms of relevant subjective knowledge that could be helpful in understand the metacognition of
spatial navigation. For instance, research has shown that confidence is directly predicted by
metacognitive knowledge (e.g., Jiang & Kleitman, 2015; Kleitman & Gibson, 2011; Kleitman &
Stankov, 2007; Morony, Kleitman, Lee, & Stankov, 2013), by academic and problem solving
self-concept (Efklides & Tsiora, 2002; Kroner & Biermann, 2007), by self-efficacy (Stankov,
Lee, Luo, & Hogan, 2012), and spatial cognition (e.g., Bryant, 1991; Cooke-Simpson & Voyer,
2007; Moe & Pazzaglia, 2006; Wraga, Duncan, Jacobs, Helt, & Church, 2006). In addition,
spatial anxiety, defined as anxiety about performing spatial tasks (Lawton, 1994), is negatively
associated with spatial ability (e.g., Ramirez, Gunderson, Levine, & Beilock, 2012). It follows
then that variations in spatial abilities could partially be due to variations in one's metacognitive
abilities. The role of metacognition is to regulate our cognitive processes in relation to the inputs
and outputs from and to the external world. For instance, navigational metacognition processes
help us know when to stop exploring an environment or where to search next; they may also help
to determine our level of confidence or self-doubt in taking a turn or in giving directions to
others.

Research on gender differences generally shows that men are more confident than women
on a variety of tasks (e.g., Lawton, Charleston, & Zieles, 1996; O'Laughlin & Brubaker, 1998;
Picucci, Caffo, & Bosco, 2011). Men also exhibit less spatial anxiety (e.g., Lawton, 1994;

Lawton & Kallai, 2002). It is difficult to know how these findings regarding global confidence
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might be related to possible gender differences in the more granular trial-by-trial metacognitive
processes addressed by Nelson and Narens’ model. However, they do suggest the possibility of
gender differences with regards to these kinds of metacognitive judgments. A more thorough

look at gender differences in metacognition will be covered in the following chapter.

CHAPTER SUMMARY

The capacity to reflect on our cognitive processes is a vital human ability. While
empirical research in the field of metacognition is relatively new compared to that in spatial
navigation, there nonetheless exists a cogent framework within which one can attempt to apply
the concepts of metacognition to various fields, including navigation. Briefly, this framework
suggests that the role of the meta-level is to evaluate what is being monitored, and based on this
evaluation, control object-level processing via feedback. The ability to calibrate confidence is an
important aspect of metacognition because accurately knowing what one knows and what one
does not know has important implications for learning behaviors. I have covered findings that
relate EOLs, JOLs, and RClJs to performance and task characteristics — now we want to see if
these concepts generalize to research in navigation. Only one past study has examined similar
issues. It found strong absolute and relative accuracy measures on spatial tasks. Aside from the
general issue of examining how current models of metacognition generalize to navigation, there
are a number of more specific novel research questions to be explored. These include questions
regarding whether differences in metacognition can explain performance differences between the
genders and whether manipulating confidence via stereotype activation affects metacognitive

performance.
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CHAPTER 3: GENDER DIFFERENCES IN SPATIAL NAVIGATION

THE HISTORY OF RESEARCH ON GENDER DIFFERENCES IN SPATIAL COGNITION

Research on differences between the genders has been conducted since the birth of
psychology itself and is found within every subfield of the discipline. There are many books on
gender® and gender differences in psychology (e.g., Chrisler & McCreary, 2010), and more
specifically, cognition (e.g., Caplan, Crawford, Hyde, & Richardson, 1997). Most of these have a
specific chapter covering the strong, clear, and persistent gender difference in spatial cognition.
This is contrasted with other established gender differences in cognition, which mostly
demonstrate a very weak effect (Hyde, 2005). Despite recent meta-analyses demonstrating a
disappearance or reduction of gender difference in many areas (e.g., Feingold, 1998; Hyde, 1981,
2005; Martens & Antonenko, 2012; Voyer et al., 1995), those in spatial cognition have been
reducing at a much slower rate (e.g., Feingold, 1998; Voyer et al., 1995). The decrease in the
magnitude of gender differences in recent years argues that attitudes concerning gender-related
cognitive differences have changed, which has likely affected the way children are raised and the
way the genders approach different tasks.

The first extensive review to explicitly look at gender differences in psychology was in
1974 by Maccoby and Jacklin. It clearly established the existence of gender differences in spatial
abilities favoring males. Based on the magnitude of gender differences found in a meta-analysis
done by Hyde (1981), where effects sizes among the studies reported in Maccoby and Jacklin

(1974) were calculated, it was concluded that gender only accounted for 5% of the variance in

3 As cultural and biological factors cannot be separated when comparing gender/sex differences (A. Kaiser, 2012),
the authors chose to use the word “gender” throughout as it more accurately refers the differences in the state of
being male and female by acknowledging social/cultural differences in addition to biological differences.
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spatial tasks. A subsequent meta-analysis by Linn and Petersen (1985) used a psychometric as
well as a cognitive rationale to classify spatial tests based on homogenous effect sizes between
categories. They found three distinct categories: spatial perception, mental rotation, and spatial
visualization. They defined spatial perception as the ability to determine spatial relations in spite
of distracting information, which produced a significant mean effect size of 0.44. They defined
mental rotation as the ability to quickly and accurately mentally rotate figures in two or three
dimensions, which produced a significant mean effect size of 0.73. Finally, they defined spatial
visualization as the ability to manipulate complex spatial information, which produced a mean
effect size of 0.13 that was not significant. Thus, Linn and Petersen's (1985) analysis indicates a
significant and quite robust difference in certain categories of spatial tasks (spatial perception
and mental rotation) but not for others (spatial visualization). This result suggests that Hyde
(1981) may have underestimated the percentage of variance accounted for by gender in spatial
performance by averaging across all tasks and not considering the possibility that different types
of spatial tasks may produce greater gender differences than others. However, many researchers
have taken issue with these findings (e.g., Caplan, Macpherson, & Tobin, 1985). Specifically,
many have noted the difficulty with defining and categorizing spatial tasks (e.g., Burnett, 1986;
Chrastil, 2013; Halpern, 1986; Hiscock, 1986; Sanders, Cohen, & Soares, 1986).

Another meta-analysis by Voyer et al. (1995) categorised each spatial task into one
specific component of spatial abilities and looked at gender differences in this context. They
found similar results to those found in Linn and Petersen’s (1985) meta-analysis (i.e., effect sizes
of 0.56 for mental rotation, 0.44 for spatial perception, and 0.19 for spatial visualization). Voyer
et al. (1995) also split studies by age of participants and year of publication, and were able to

determine that there was a small decrease in gender differences over time. However, this was
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only significant for a minority of the tasks. They also found that gender differences were not
found in prepubescent participants for most tasks. They noted that one must take these last two
findings lightly, as their sample size for young participants was very small, and the tasks are
likely not comparable when administered to young children.

Several researchers have posited that the gender difference seen in most spatial cognition
tasks may be simply due to differences in visual-spatial working memory. A recent meta-analysis
comparing gender on visual-spatial working memory (VSWM) ability found a small male
advantage in this ability across a variety of tasks, with the exception of object-location memory
(Voyer et al., 2017). It is important to note that the effect size of this gender difference
(excluding object-location memory tasks) is small (d =.21) and could not explain the gender
difference in spatial tasks, which is much larger (d = .94) (Linn & Petersen, 1985). That is,
gender differences in VSWM might partially account for gender differences in spatial abilities,
but there also is much variance left to be explained. Interestingly, the gender difference in
VSWM was not significant before puberty indicating a potential influence from pubescent
hormones (Voyer et al., 2017). This last finding corroborates a similar finding described above in
a meta-analysis among spatial tasks, where gender differences were also only seen during and
after puberty (Voyer et al., 1995).

Another hypothesis regarding gender difference in spatial cognition is related to evidence
showing that the genders process visual information differently, with women focusing on object-
imagery processing and men on spatial-imagery processing (e.g., Blajenkova, Kozhevnikov, &
Motes, 2006). Indeed, these differences in visual-cognitive style between the genders have been
related to differences in spatial cognition (e.g., Blazhenkova & Kozhevnikov, 2009; Yoon, Choi,

& Oh, 2015). For instance, mental rotation and maze navigation tasks were better performed by
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spatial visualizers, whereas picture recognition tasks were better performed by object visualizers
(e.g., Farah, Hammond, Levine, & Calvanio, 1988). Thus, the gender difference in spatial tasks
could be due to the fact that women tend to be object visualizers and not spatial visualizers. The
evidence supporting this hypothesis is quite robust: a series of studies have consistently
demonstrated, in both children and adults, that these visual cognitive styles have high internal
reliability as well as predictive, discriminative, and ecological validity (e.g., Chabris &
Glickman, 2006).

Based on these findings, it is likely not valid to make general statements concerning
gender differences in spatial ability overall. Rather, based on the cognitive literature, it appears
gender differences in spatial ability depend upon the nature of the task, VSWM ability, and
visual-cognitive style. There is only one type of task that has shown a relatively reliable yet weak
female advantage and that is in object-location memory (e.g., Andreano & Cahill, 2009; De
Goede & Postma, 2008; Lejbak, Vrbancic, & Crossley, 2009; Levy, Astur, & Frick, 2005;
Silverman, Choi, & Peters, 2007; Spiers, Sakamoto, Elliott, & Baumann, 2008). Object-location
memory tasks typically involve the pairing of, usually random, objects and specific locations
within an experimental environment. The only relevant meta-analysis on this subject confirmed
that women outperform men in tasks requiring them to memorize the location of objects, with a
small average effect size (Voyer, Postma, Brake, & Imperato-McGinley, 2007). However, this
effect was not seen in studies with pre-pubescent participants, nor was it seen for certain object
types, including uncommon and gendered objects (Voyer et al., 2007). As mentioned above, the
female advantage in object-location memory tasks may be due to the fact that they tend to be
object visualizers, allowing them to better code an object's characteristics to its location in

memory.
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GENDER DIFFERENCES IN SPATIAL NAVIGATION

The male advantage in spatial navigation can be expressed in a variety of ways: they
make fewer errors, take less time and use their time more efficiently both in real-world (e.g.,
Malinowski & Gillespie, 2001; Silverman et al., 2000) and virtual environments (e.g., Astur et
al., 1998; Astur, Tropp, Sava, Constable, & Markus, 2004; Tascon, Leon, & Cimadevilla, 2016).
However, the gender difference in spatial navigation is perhaps best illustrated in how each
gender prefers to give and receive directions: it has been well documented that men are more
likely to use distances and cardinal directions, whereas women are more likely to use landmark
information (e.g., L. N. Brown, Lahar, & Mosley, 1998; Dabbs, Chang, Strong, & Milun, 1998;
Galea & Kimura, 1993; Lawton, 2001; MacFadden, Elias, & Saucier, 2003). In an eye-tracking
study, women fixated more on landmarks than did men and performance differences were only
seen when landmarks were missing (N. E. Andersen, Dahmani, Konishi, & Bohbot, 2012). The
likely reason for this is that men and women pay attention to and use different forms of spatial
information, and therefore use different strategies. It follows that they tend to produce different
kinds of spatial representations.

With regards to the types of spatial knowledge (i.e., landmark, route, graph, and survey
knowledge), the findings discussed to this point suggest that women tend to focus more on
landmark and route knowledge. This is because research shows that they encode landmark
information from an egocentric first-person perspective (for a review, see Coluccia & Louse,
2004). Conversely, men focus more on graph and survey knowledge, as they are better able to
transform the more configural global information into an allocentric representation, like a
cognitive map (for a review, see Coluccia & Louse, 2004). This ability to transform knowledge

into an allocentric representation could be what is giving men their performance edge (Tascon et
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al., 2016). In contradiction to this, it has been suggested that men tend toward a more egocentric
reference frame when undertaking mental rotation tasks, which gives them an advantage (Bosco,
Longoni, & Vecchi, 2004; Linn & Petersen, 1985; Voyer et al., 1995). Similarly, the preferential
use of a landmark-based frame of reference in women may explain the female advantage in
object-location memory tasks found in numerous studies (e.g., Andreano & Cahill, 2009; De
Goede & Postma, 2008; Lejbak et al., 2009; Levy et al., 2005; Silverman et al., 2007; Spiers et
al., 2008).

Most of the literature on gender differences in spatial navigation revolves around the
differences in the strategies men and women use and in their spatial representations. For
instance, in the presence of both proximal and distal information, men perform better. However,
when distal information and cardinal directions are made more salient, the gender difference
effectively disappears, likely because women make use of this information as well (Ward,
Newcombe, & Overton, 1986). A more recent study found a gender difference in environments
with only distal cues (similar to the Morris Water Maze), whereas differences were not found in
environments that also contained proximal cues (Rahman, Abrahams, & Jussab, 2005). This
demonstrates that women are not impaired in the presence of proximal cues but only non-salient
distal cues. This could be because distal cues, such as those seen in the Morris Water Maze,
require an allocentric perspective, which men have a greater tendency to use, while proximal
cues require an egocentric perspective, which women have a greater tendency to use. Moreover,
women and men are equally successful when provided with landmark cues alone, but men
perform better in the presence of geometric cues alone, as well as when only one distant
landmark is available (Kelly & Bischof, 2005). This could be because, compared to men, women

take more time to choose and have more difficulty when using the appropriate strategy (Astur,
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Purton, Zaniewski, Cimadevilla, & Markus, 2016). Indeed, when women do choose an
allocentric strategy, they are not as successful as men are at using it (van Gerven, Schneider,
Wahitchik, & Skelton, 2012). The idea that men are better than women at taking a third-person
perspective (or top-down perspective) was further corroborated by Kaiser et al. (2008) and
Tascon et al. (2016), in addition to males outperforming females in the speed of perspective
transformation (Gardner, Sorhus, Edmonds, & Potts, 2012). The general consensus is that
landmarks play a more critical role in navigation for women than for men because proximal cues
are necessary for the default navigation strategy typically used by women (L. F. Jacobs &
Schenk, 2003).

Strategy differences could be explained by the general spatial cognition differences
discussed above. In fact, it has been proposed that the ratio of visual-spatial to verbal working
memory capacity may determine the spatial strategy difference between the genders (L. Wang &
Carr, 2014). That is, better VSWM compared to verbal working memory would help select more
effective holistic spatial strategies, whereas superior verbal working memory relative to VSWM
would help select less effective analytic strategies. Therefore, since women have better
developed verbal working memory whereas men have better developed visual-spatial working
memory, these differences in cognitive processing alone could dictate the type of navigation
strategy favored by each gender. Moreover, spatial abilities but not verbal memory contributed to
route learning for boys, while girls used both spatial abilities and verbal memory (Merrill, Yang,
Roskos, & Steele, 2016). This difference may reflect the precursor of the strategy difference
developed into adulthood. Further support for the spatial-verbal divide between men and women
comes from EEG studies. For instance, during a virtual wayfinding task, while men showed

increased activation in spatial working memory regions in the right hemisphere, women had
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increased activation in the verbal-analytical regions of the left hemisphere (Ramos-Loyo &
Sanchez-Loyo, 2011).

Additional evidence for gender differences in navigation comes from studies showing
that men may have better cognitive maps than do women. For instance, men are more accurate
when aligning sketch maps with cardinal directions (Harrell, Bowlby, & Hall-Hoffarth, 2000).
They are also more accurate at pointing in the direction of hidden targets (e.g., Fields & Shelton,
2006; Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006; Holding & Holding, 1989;
Lawton, 1996; Lawton & Morrin, 1999; Prestopnik & Roskos-Ewoldsen, 2000; Waller, Knapp,
& Hunt, 2001), which may indicate the use of an allocentric cognitive map that allows one to
understand the configuration of unseen targets. Men also perform better than women on
wayfinding tasks in which maps are used (e.g., Devlin & Bernstein, 1997; Malinowski &
Gillespie, 2001; Tlauka, Keage, & Clark, 2005) and are more accurate than women on tests of
map reading skills (e.g., G. L. Allen, 2000; Chang & Antes, 1987; Coluccia, Bosco, &
Brandimonte, 2007; Gilmartin, 1986; Henrie, Aron, Nelson, & Poole, 1997). It is important to
note that there is no evidence to support that one gender is better than another at cognitive
mapping per se, only that males and females differ in the way they use various types of spatial
information in order to build spatial representations (e.g., De Goede & Postma, 2008; Lawton,
1994, 2001; Lawton & Kallai, 2002; Postma, Izendoorn, & De Haan, 1998). However, it seems
the information that men generally use to build their cognitive maps is likely more efficient and
effective than that used by women, which explains why they are less susceptible to alignment
effects (Roskos-Ewoldsen, McNamara, Shelton, & Carr, 1998).

Looking at neurological differences, many cortical areas show similar patterns of neural

activation between women and men during navigation (e.g., R. J. Blanch, Brennan, Condon,
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Santosh, & Hadley, 2004). However, the few differences that are found show men to have more
activity in the left hippocampus as well as in the right parietal cortex (e.g., Gron et al., 2000; Gur
et al., 2000). The left hippocampus is known to have a role in representing external space (Nadel
& MacDonald, 1980), whereas the right parietal cortex, as mentioned above, is thought to be
involved in egocentric perspective taking. Women have been shown to have greater activation in
the right prefrontal and parietal cortices, which are involved in working memory when doing
spatial tasks (e.g., Gron et al., 2000; Jonides et al., 1993). In addition, women have smaller
parietal lobe surface area compared to men and this difference was related to mental rotation task
performance (Koscik, O'Leary, Moser, Andreasen, & Nopoulos, 2009). These findings are likely
related to how men tend to outperform women on perspective-taking tasks and women on object-
location memory tasks. Generally speaking, activation patterns in women demonstrate more
effortful deliberate verbal-analytic processing, whereas activation patterns for men demonstrate
more automatic processing, reflecting more visuomotor strategies (e.g., Butler et al., 2006; Heil
& Jansen-Osmann, 2008; Hugdahl, Thomsen, & Ersland, 2006). However, it is not possible from
these findings to determine the direction of the causal relationship; that is, whether neural
activation differences are a result of or a cause of differences in strategy use.

Despite some inconsistent findings on gender differences in cortical activation, cognitive
studies have demonstrated clear differences between men and women when it comes to
navigation behaviors and performance. Generally, women have a greater dependency on
landmark information as part of their default route-based navigation strategy. In the absence of
landmark information, women have greater difficulty using allocentric cues as part of an
orientation-based strategy. In contrast, men are better able to use more stable allocentric cues

which help to keep their orientation-based navigation strategy more flexible and holistic, whether
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landmark information is present or not. By acknowledging these differences, we can now
investigate the underlying factors that may be contributing to these differences and discuss what

can be done to improve women’s navigation performance.

Factors Underlying Gender Differences in Spatial Navigation

As with most complex human abilities, spatial cognition arises from an interaction of
inherited and environmental factors. The reduction in gender differences in spatial cognition
performance over the course of the last few decades almost certainly reflects changes in
environmental factors as society becomes more overtly egalitarian. Conversely, the fact that
these differences remain quite robust and vary in magnitude across various spatial tasks suggests
there may also be a less changeable biological cause. For instance, the hunter-gatherer theory
suggests that men were evolutionarily selected to have greater spatial cognition skills in order to
successfully navigate and explore the larger natural environment and hunt. Correspondingly,
women were evolutionarily selected to remember where things like fruits and nuts were located
near camp, thus explaining why object-location memory is the only spatial task on which women
outperform men (Silverman & Eals, 1995). In addition, research has found that girls and boys
who favored activities such as climbing, building with blocks, or playing with toy vehicles
demonstrated greater spatial ability scores than did girls and boys who favored playing with dolls
or housekeeping toys (Serbin & Connor, 1979). There is a broad consensus that both effects of
nurture and nature are at play (Halpern, 2013). Indeed, numerous biological and sociocognitive
factors have been posited to explain the existence of gender differences in spatial abilities (for
reviews, see S. C. Levine, Foley, Lourenco, Ehrlich, & Ratliff, 2016; Schug, 2016). The most

important factors are discussed below.
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Biological Factors

One of the strongest arguments supporting the effects of biological factors is that the
gender difference favoring men on most spatial tasks is highly consistent across cultures world-
wide (e.g., Jahoda, 1980; Lynn, 1992; Mann, Sasanuma, Sakuma, & Masaki, 1990; Porteus,
1965; Silverman, Phillips, & Silverman, 1996). Moreover, it is seen across species, though
research is mostly with rodents (e.g., Barrett & Ray, 1970; Binnie-Dawson & Cheung, 1982;
Gaulin & Fitzgerald, 1986; Joseph, Hess, & Birecree, 1978; Shore et al., 2001; Williams &
Meck, 1991).

Several behavioral genetic theories were proposed in the 1970°s and 1980°s to try to
explain the gender difference in spatial abilities (for reviews, see Henderson, 1982; Pezaris &
Casey, 1991). However, although spatial test score variation appears to be moderately heritable
(e.g., Bouchard, Segal, & Lykken, 1990; DeFries et al., 1976; Plomin et al., 1994; Tambs,
Sundet, & Magnus, 1984; Vanderberg, 1969) there have been very few studies to support any of
these theories (e.g., Boles, 1980; Corley, Defries, Kuse, & Vandenberg, 1980; DeFries, 1980;
DeFries et al., 1976; Fralley, Eliot, & Dayton, 1978; Guttman & Shoham, 1979; McGee, 1979,
1982). In the meantime, recent research has shown the importance of taking into consideration
differences in phenotypes caused by sex chromosome complements (XX vs XY) and their
interactions with hormones (e.g., Arnold & Chen, 2009; McCarthy, Arnold, Ball, Blaustein, &
De Vries, 2012).

There are several hypotheses regarding biological causes of gender differences in spatial
navigation, and they mainly focus on the effects of prenatal and postnatal sexual hormones (e.g.,
Buchsbaum & Henkin, 1980; Imperato-McGinley, Pichardo, Gautier, Voyer, & Bryden, 1991;

McGee, 1979; Resnick, Berenbaum, Gottesman, & Bouchard, 1986; Williams, Barnett, & Meck,
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1990; Williams & Meck, 1991). Studies using animals models have suggested that prenatal
androgens might promote an acceleration in the development of the magnocellular layer of
neurons in the brain (which provides input to the dorsal, object-location and motion stream)
relative to the development of the parvocellular layer (which provides input to the ventral, object
recognition stream) (Alexander, 2003; Bachevalier & Hagger, 1991; Lauer, Udelson, Jeon, &
Lourenco, 2015; Salyer, Lund, Fleming, Lephart, & Horvath, 2001). According to this
hypothesis, as male infants are exposed to more androgens compared to female infants, the
development of their dorsal streams relative to their ventral stream would be favored, which
would lead to early structural neurological differences (Lauer et al., 2015). These structural
differences, which exist from a young age, may explain early toy preference differences, with
young boys preferring objects with moving parts such as trucks and may eventually lead to
enhanced mental rotation ability (Lauer et al., 2015).

In addition to prenatal hormonal differences, there is strong evidence for the role of
postnatal hormones in gender differences in spatial ability. For instance, women with high
testosterone levels have more accurate graph knowledge (e.g., Allen, Kirasic, Dobson, Long, &
Beck, 1996; Burkitt, Widman, & Saucier, 2007). Correspondingly, performance using Euclidean
information while navigating a virtual maze has been found to be negatively correlated with
estrogen levels across women’s menstrual cycles (Chabanne, Peruch, & Thinus-Blanc, 2004).
Interestingly, while males with androgen deficiency early in development exhibit a variety of
visuospatial impairments (Buchsbaum & Henkin, 1980), males who acquire androgen deficiency
after puberty do not (Slabbekoorn, van Goozen, Megens, Gooren, & Cohen-Kettenis, 1999).
Altogether, these findings suggest differences between organizational and activational effects

between prenatal and postnatal hormones. In brief, variations in prenatal and postnatal hormone
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exposure could explain the variation in spatial task performance via differences in cortical

activation and neuroanatomy between the dorsal and ventral streams across gender.

Sociocognitive Factors

While there is no single sociocognitive factor underlying the effects of environment on
gender differences in spatial cognition, there is a long list of potential factors all revolving
around the ideas of differences in socialization (e.g., Baenninger & Newcombe, 1989), and
gender role identification (e.g, Nash, 1975; Signorella & Jamison, 1986).

There are several studies showing differences in socialization at different developmental
stages favoring boys’ development with spatial tasks (for a review, see S. C. Levine et al., 2016).
Namely, studies have shown that the type of language parents use with boys and girls differs and
that this is related to spatial performance. For instance, parents provided boys with significantly
more spatial language than girls for both easy and difficult puzzles (Pruden & Levine, 2017). In
addition to teaching them to attend to spatial information on a regular basis, the greater emphasis
on spatial language for boys may help to better develop their spatial thinking by leading them to
more spatial information, thus reducing cognitive load on the task at hand and allowing for more
sophisticated processing to occur (Pruden & Levine, 2017). Indeed, this was supported by a
study showing that young children who heard a greater proportion of spatial language from their
parents used a greater proportion themselves and performed better on a mental rotation task
(Pruden, Levine, & Huttenlocher, 2011). Along this same line of research, a study found that
compared to young girls, young boys received more high quality puzzle play, which was defined
by a composite of puzzle difficulty, parent engagement, and parent spatial language (S. C.

Levine, Ratliff, Huttenlocher, & Cannon, 2012).
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Interestingly, the mere presence of boys could also change the way girls perform on
spatial tasks. For instance, girls from single gender schools outperform girls from co-ed schools
and show performance similar to boys (Titze, Jansen, & Heil, 2011). The authors speculate this
could be because girls from single-gender schools are not as exposed to gender stereotypes (Titze
etal., 2011). Indeed, children of both genders have been found to believe the gender stereotype
favoring males in mental rotation, showing how stereotypes can develop early (Neuburger,
Ruthsatz, Jansen, & Quaiser-Pohl, 2015).

Generally speaking, engaging in typical “boy” activities, such as playing with blocks or
other construction toys, as well as playing video games, is associated with higher performance on
spatial tasks, including spatial visualization tasks (e.g., Caldera, Huston, & O'Brien, 1989;
Nazareth, Herrera, & Pruden, 2013; Ruthsatz, Neuburger, Jansen, & Quaiser-Pohl, 2015;
Terlecki & Newcombe, 2005). Indeed, boys are more likely to engage in these activities, which
involve spatial manipulations and transformations and part-whole thinking, compared to girls at
home and at school (e.g., Saracho, 1995; Tracy, 1987). However, it is unclear how much this
difference in play activities is driven by early intrinsic interests compared to socialization such as
parent/teacher encouragement reflected by societal stereotypes.

In addition, there are social explanations that increase the spatial experience of boys over
girls. For instance, boys are generally allowed more freedom than girls are to travel far from
home (e.g., Herman, Heins, & Cohen, 1987; Newson & Newson, 1987). Consequently, at about
the age of 8, when boys’ home ranges become larger, their sketch maps of areas surrounding
their homes become more integrated, accurate, and richer in detail than those of girls the same

age (Matthews, 1986). Indeed, less childhood wayfinding experience was associated with higher
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levels of spatial anxiety and lower spatial aptitude in adults (Hoang, Mora, Vieites, Reeb-
Sutherland, & Pruden, 2017).

It is important to note that the argument for differences in socialization include any
differences in experience/nurture across the lifetime - not just developmentally. That is, there are
several studies showing differences in socialization among adult women and men such that
women generally have less exposure to and experience with spatial tasks in their everyday lives
compared to men. Even in adulthood, men are more likely to have a larger range of travel than
are women (i.e., range of travel for work, leisure, and errands), which was particularly associated
with men’s small-scale spatial abilities such as mental rotation and object-location memory
(Ecuyer-Dab & Robert, 2004). Additionally, several studies have shown that men have more
expertise in motor skills, such as athletics (Eccles & Harold, 1991) and skilled trades (Denissen,
2010). Indeed, a recent meta-analysis determined that individuals with an expertise in motor
skills, such as athletes, have significantly greater spatial abilities than those without motor
expertise (Voyer & Jansen, 2017). In addition, there are generally fewer female drivers on the
road than there are male drivers (Sivak, 2013), and males are more likely to drive when women
are present (Ozkan & Lajunen, 2006). Several studies have also found confidence to be a better
predictor than gender for spatial performance, and women may be less confident due to having
less spatial experience (Estes & Felker, 2012). These differences in socialization in adulthood
only further exacerbate any spatial cognition differences between men and women that may have
already developed throughout childhood. Indeed, it is possible that these spatial behavior
differences are due to differences in biological skill or interest. However, it is undeniable that
there are strong social influences steering girls’ and women’s interest away from spatially

oriented tasks, and therefore their cognitive development in these tasks.
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Many studies have found certain cognitive tasks to be considered gendered, meaning that
certain tasks are socially “reserved” for one gender — relating to gender roles. For instance,
spatial skills are rated as being more masculine and participants believe men partake in these
types of tasks more often than do women (Newcombe, Bandura, & Taylor, 1983). Similar results
were found in the case of beliefs about memory for spatial information (Crawford, Herrmann,
Holdsworth, Randall, & Robbins, 1989). Interestingly, expectations based on the gendered nature
of a task seem to affect performance. This was found to be true using a mental rotation task,
which, as mentioned above, is known for having the most robust gender difference of all the
spatial tasks. Sharps, Welton, and Price (1993) replaced the standard instructions for the task
with a paragraph that either accentuated or de-emphasized the spatial nature of the task.
Interestingly, the gender difference was eliminated when the spatial nature of the task was de-
emphasized. In addition, Sharps, Price, and Williams (1994) used the same instructional
manipulation for a mental rotation task with items differing in difficulty. They only found a
gender difference for the most difficult type of item (3D block figures compared to 2D) and only
under spatial instructions. In their second experiment, the same 3D task was presented as being
predictive of a person’s aptitude in either interior design (“feminine” instructions) or combat
aircraft flying (“masculine” instructions). Similarly to previous experiments, men given
“masculine” instructions performed better than men or women in any other conditions (Sharps et
al., 1994). All together, these studies suggest that gender differences in mental rotation tasks are
potentially the product of the participants’ gender-based expectations about their own
performance, which leads to a self-fulfilling prophecy when faced with a gendered task. This
may also be evidence of the effects of stereotype threat (for more on stereotype threat see

corresponding below subsection).
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Although very little can be done to improve girls” and women’s spatial cognition by
changing biological factors, there are several sociocognitive factors that can be changed. While
early findings were used as a justification for the underrepresentation of women in STEM
(Science, Technology, Engineering, and Mathematics) fields (e.g., Fennema, 1975; Maccoby &
Jacklin, 1974; Sherman, 1967), researchers more recently have argued that the discussion would
be better served by focusing on the sociocognitive factors preventing women from entering these
fields (e.g., Hines, 2007; Newcombe, 2007). There are several hypotheses about how this can be
done including developing training programs to improve girls’ and women’s spatial skills,
understanding and thwarting the effects of stereotype threat, and understanding and alleviating
women’s low self-confidence regarding these skills in order to prevent girls’ loss of interest in
science (S. C. Levine et al., 2016; Miller, Eagly, & Linn, 2015). Indeed, two meta-analyses on
the efficacy of training programs for improving spatial ability found that women’s scores could
in fact be improved to match those of men (Baenninger & Newcombe, 1989; Uttal et al., 2013).
The following subsections will cover gender differences in confidence and anxiety during spatial

tasks as well as how gender stereotypes may be related to differences in spatial task performance.

GENDER DIFFERENCES IN SPATIAL CONFIDENCE AND METACOGNITON

Generally speaking, both men and women tend to display overconfidence across many
domains (for a review, see Moore & Healy, 2008). Despite this effect of overconfidence, a large
body of scientific literature demonstrates that women, on average, are less overconfident and
more risk averse than men (e.g., Hardies, Breesch, & Branson, 2013). The gender difference in
overconfidence has been found to be highly task dependent (Lundeberg, Fox, & Punccohar,

1994) with differences at their greatest for stereotypically masculine tasks (Beyer & Bowden,
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1997). In a recent study, boys had higher math self-confidence than equally able girls (Parker,
Van Zanden, & Parker, in press). That is, while the performance gap in math has closed, girls’
self-confidence has stayed the same. Other studies have shown that women underestimate their
academic performance in a variety of fields from economics to medicine (e.g., D. C. Blanch,
Hall, Roter, & Frankel, 2008; Jakobsson, 2012; Jones & Jones, 1989; Langan et al., 2008). Many
researchers have also made a distinction between overconfidence, which is when individuals
overestimate their own performance, to overplacement (Moore & Healy, 2008) which is when
individuals overestimate their performance relative to others. A recent study found that while
both genders were equally overconfident, men overplaced themselves relative to women and
other men significantly far more than women did (Ring, Neyse, David-Barett, & Schmidt, 2016).
Additionally, women underestimate their performance on spatial tasks. For instance,
there is a persistent gender difference in confidence on the mental rotation task (e.g., Cooke-
Simpson & Voyer, 2007; Cross, Brown, Morgan, & Laland, 2017; Estes & Felker, 2012).
Women have also been found to exhibit low spatial confidence in a cognitive mapping task
(O'Laughlin & Brubaker, 1998), as well as in a wayfinding task (Lawton et al., 1996). In
addition, Picucci et al. (2011) demonstrated that men were significantly more confident in their
performance on a spatial reorientation task compared to women with a moderate effect size,
despite only finding a small effect for gender difference in task accuracy. This study supports
research that has found that gender differences in spatial performance are affected by self-
confidence (e.g., Cooke-Simpson & Voyer, 2007; Lawton & Kallai, 2002; Moe & Pazzaglia,
2006; Wraga et al., 2006). The authors argue that this could be because women have a lower
tolerance for uncertainty about spatial information. This idea is supported by a study that found

that men exhibit more guessing behaviors than women (Baldiga, 2014). This has also been
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shown to be true at a young age, where boys are less likely than girls to select "I don't know"
when they are uncertain (Linn & Petersen, 1985).

Many studies have suggested that this confidence difference favoring men could help to
explain strategy differences between the genders. For instance, confidence positively predicted
allocentric strategy preference in older adults, perhaps demonstrating a reluctance to use
memory-based strategies (Ariel & Moffat, 2017). This is in addition to research that has also
suggested differences in spatial anxiety could explain performance and strategy differences
between the genders (e.g., Lawton, 1994; Lawton & Kallai, 2002; Nowak et al., 2015). For
instance, spatial anxiety was positively related to the use of a route strategy when wayfinding
(Hoang et al., 2017). One possible explanation for this could be that a route-based navigation
strategy requires less VSWM which anxiety has been shown to negatively impact (e.g., Ganley
& Vasilyeva, 2014; Moran, 2016; Shackman et al., 2006; Vytal, Cornwell, Letkiewicz, Arkin, &
Grillon, 2013). Thus, with anxiety-induced impaired VSWM, women may not be able to perform
an orientation-based navigation strategy.

A recently proposed evolutionary hypothesis suggests that men and women navigate
differently due to fitness costs associated with long-distance travel. This is thought to explain the
gender difference in mobility, specifically, why women have greater levels of spatial anxiety and
hesitant wayfinding behavior (e.g., Cashdan & Gaulin, 2016). A recent study supports this idea,
finding that women generally take a more cautious approach to spatial exploration, and
suggested that harm avoidance may partially explain their hesitant spatial behavior as well as
their tendency towards a different strategy compared to men (Gagnon, Cashdan, Stefanucci, &

Creem-Regehr, 2016).
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The topic of gender differences in local metacognition is a relatively unexplored one. One
study that investigated metamemory and age across a variety of tasks demonstrated that,
irrespective of the task, women generally underestimated their performance more than men
(Hertzog et al., 1990). Lundeberg et al. (1994), examining performance on a psychology exam,
found that women showed more accurate metacognition when evaluating their incorrect answers
than did men, who tended to show more overconfidence when wrong.

There is only one study that specifically used the Nelson and Narens (1990) framework
with a map and verbal direction-learning task; though a gender difference analysis was not the
main goal of the paper (Schwartz, 2006). The preliminary analyses showed neither age nor
gender predicted performance outcomes, which justified excluding them from all analyses.
Regardless, the results showed very strong gamma correlations, much higher than most other
immediate JOL paradigms; therefore, gender differences might have been masked by a ceiling
effect (refer to Chapter 2 for more details on this study). Schwartz explains that these high values
may be due to his tasks having high ecological validity. Considering that people typically have
much more experience receiving directions and using maps than learning word-pair associates,
as is typically used in metacognition research, it is possible our metacognitive skills are better
developed for spatial tasks. Consequently, our expertise with navigation might result in superior
monitoring and control mechanisms compared to what has been found with verbal stimuli. Along
similar lines, it has been found that experts demonstrate relatively superior monitoring and
control abilities compared with novices across a variety of tasks (e.g., Gobet, 1998; Hallam,
2001; Martini & Shore, 2008). To the extent that we have a greater expertise with navigation
tasks than word-pair associates, we would expect high gamma correlations using the former

compared to the latter. This expertise effect also leads to a prediction regarding gender



CHAPTER 3: GENDER DIFFERENCES IN SPATIAL NAVIGATION 63

differences in spatial metacognition. That is, if men have greater experience with navigation
tasks than women (e.g., Lucas & Sherry, 2004) then we would expect them to have more
accurate metacognitive performance as well.

Some studies have asked general metacognitive questions regarding spatial abilities or
have asked participants to explicitly state the strategy used. Women self-report having a strategy
that emphasizes attention to landmarks and associated route turns, while men report that they
orient to global cues and develop a top-down perspective of the larger environment (e.g.,
Charleston, 2008; Lawton, 1994, 1996; Lawton & Kallai, 2002). These results corroborate the
behavioral literature on gender differences in spatial strategies covered above. Women self-
report having lower spatial skills (e.g., Hegarty et al., 2006), as well as greater levels of spatial
anxiety (Lawton, 1994; Lawton & Kallai, 2002). In this context, it is important to note that
spatial confidence can alter navigational behavior, which, in turn, could lead to inflated gender
differences in performance (Lavenex & Lavenex, 2010; Lawton, 1996). For instance, a lack of
confidence might increase exploratory behaviors, which would cause longer latencies and
perseveration errors (Lavenex & Lavenex, 2010). Though it is possible women’s lack of
confidence stems from a lack of ability, the many studies cited above have found that women
exhibit lower levels of confidence even when they perform as well as men (e.g., Beyer &
Bowden, 1997; O'Laughlin & Brubaker, 1998; Parsons, Meece, Adler, & Kaczala, 1982).
Moreover, self-reported confidence has been shown to be influenced by factors other than ability

or performance, including gender stereotypes (Oswald, 2008).
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Evidence from the Stereotype Threat Literature

Stereotype threat is a phenomenon whereby an individual’s performance is hindered
simply due to an awareness of a negative stereotype concerning the (ostensibly) poor aptitude of
a group they belong to (Steele & Aronson, 1995). There is evidence to suggest that gender
differences in spatial performance are subject to stereotype threat. Indeed, there is a stereotype
that men possess superior spatial skills, which is reflected in how men report higher expectations
for success on spatial tasks (Meehan & Overton, 1986). Moreover, a recent study, comparing a
variety of gender stereotype beliefs found that the magnitude in current stereotyped beliefs have
not changed since 1980 (Haines, Deaux, & Lofaro, 2016). Additionally, both genders report
believing that men are better at finding a previously visited place as well as remembering
directions (Crawford et al., 1989). In a classic series of studies, Sharps and colleagues
demonstrated that gender differences in performance on spatial tasks is influenced by
manipulations that emphasize masculine or feminine stereotypes (Sharps et al., 1994; Sharps et
al., 1993). For instance, they found that women performed worse on an object-location memory
test when the title of the stimuli was presented as a “map” (stereotypically masculine) compared
to a “model” (Sharps et al., 1993). Interestingly, simply telling participants that their gender
scores higher on a spatial task can increase their performance (Wraga et al., 2006). Moreover,
women with feminine gender role beliefs performed better when a spatial visualization task was
said to be a test of empathetic ability (stereotypically feminine), whereas women with masculine
gender role beliefs performed better when the same task was said to be a test of spatial ability
(Massa, Mayer, & Bohon, 2005).

There are a few studies that have successfully manipulated performance on a spatial task

(mostly mental rotation) via various stereotype activation manipulations (e.g., Hausmann,
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Schoofs, Rosenthal, & Jordan, 2009; Heil, Jansen, Quaiser-Pohl, & Neuburger, 2012; Moe,
2009, 2012; Wraga, Helt, Jacobs, & Sullivan, 2007). For example, a study by Moe and Pazzaglia
(20006) tested participants’ mental rotation skills before and after a stereotype facilitation
instruction that was either “males do better” (male facilitation condition), “females do better”
(female facilitation condition) or “they perform equally” (control condition). Women in the
female facilitation group showed the greatest pre to post-test improvement in performance, and
next were the men in the male facilitation group. Correspondingly, women in the male
facilitation group demonstrated the largest pre to post-test decrease in performance, and men in
the female facilitation group demonstrated the second largest pre to post-test decrease. In another
related study, Moe (2009) found that performance in mental rotation did not differ between the
genders in the female facilitation group. In a recent study, this effect was also seen among
children where implicit gender stereotype activation had the effect of reducing the gender
difference in mental rotation (Neuburger et al., 2015). However, the male advantage persisted for
the difficult version of the mental rotation in both the stereotype threatening and the non-
threatening conditions (Neuburger et al., 2015). Overall, this suggests, consistent with the effects
of stereotype threat that women under the effects of stereotype threat tend to do worse than
control groups on mental rotation tasks. That is, they do worse than when there is no stereotype
threat manipulation at all (e.g., Hausmann et al., 2009; Moe, 2009; Wraga et al., 2007). This may
simply be because being made aware that they are in a gender study induces stereotype threat.
Interestingly, stereotype facilitation and self-affirmation have been shown to improve
performance (e.g., Hausmann et al., 2009; Moe, 2009; Wraga et al., 2007), a phenomenon known
as stereotype boost or lift (Walton & Cohen, 2003). However, it is important to note that studies

have shown that men and women react differently to stereotype activation, with men, for
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instance, showing improved verbal fluency scores during stereotype threat compared to control
(Hirnstein, Freund, & Hausmann, 2012). An additional study, from the same research group,
suggested that it is difficult to induce stereotype threat and lift simultaneously when tests
favoring both men and women are used (Hirnstein, Andrews, & Hausmann, 2014).

More recent work has put into question the idea of stereotype threat in general. For
instance, a recent meta-analysis investigated the effects of stereotype activation in the context of
gender differences in math and spatial tasks (Doyle & Voyer, 2016). It concluded that, among
spatial tasks, there was no consistent effect of stereotype threat in either men or women, and only
a small effect of stereotype lift on women only. However, this should be interpreted with caution,
as the authors were only able to analyze 18 manuscripts, most of which regarded mental rotation
and none of which used a navigation/wayfinding task. Thus, it is difficult to know how these
results relate to navigation, which may very well be a spatial task with a more pervasive
stereotype. Another meta-analysis looked at the effects of stereotype threat on girls and grouped
studies using math, science, and spatial tasks. They found an average effect size of .22 (Flore &
Wicherts, 2015). It is important to note that both meta-analyses found evidence of a publication
bias. Overall, it is unclear how stereotype threat or boost may influence the gender difference in
navigation, as there is only one stereotype study to specifically use a navigation task. Rosenthal,
Norman, Smith, and McGregor (2012) had students learn to navigate to a hidden goal using
geometric and/or landmark-based environmental cues under different stereotype activation
conditions. Under stereotype activation, men’s performance was boosted compared to control for
tasks with both types of cues but women’s performance was generally unaffected.

The way stereotype threat was originally thought to work is as follows. First, a reminder

of one's group affiliation and its ostensible performance deficit creates a heightened sense of
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anxiety in a person as they attempt to suppress stereotype related thoughts. This in turn narrows
the individual's attention and hinders their ability to perform (Steele & Aronson, 1995).
Accordingly, stereotype boost/lift is thought to stem from a decrease in self-doubt (Walton &
Cohen, 2003). More recently, Schmader, Johns, and Forbes (2008) established a process model
of stereotype threat that identifies three interconnected factors. Their model links stereotype
threat to a physiological stress response as well as in increase in performance monitoring
processes; these work in a vicious cycle with suppression processes to suppress negative
thoughts and emotions based on one's concept of self. That is, in an effort to avoid failure, and
under the influence of stereotype threat, one's mind switches from an automated state of
functioning into a more conscious and controlled state of monitoring the self within the situation.
This in turn creates an additional cognitive load, hindering working memory and performance.
While Schmader et al. (2008) do not explicitly mention metacognition in their model; one can
see their theory has implications for how stereotype threat may be linked to metacognition by
influencing performance monitoring. In addition, an increase in cognitive load and a shift from
automated to deliberate performance monitoring, implied by their model, would be expected to

hinder metacognitive processes as well as cognitive ones.

CHAPTER SUMMARY

A very large body of research shows gender differences in a variety of spatial skills, with
the most robust difference seen in mental rotation tasks. Beyond this, a variety of other gender
differences that may partially explain the gender difference in spatial cognition have also been
found, including differences in socialization, confidence, spatial anxiety, and the effects of

stereotype threat. Although females’ and males’ spatial skills can be effectively manipulated
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through stereotype instruction protocols, further research is needed to determine whether this
type of manipulation can eliminate gender differences. We have found that metacognition may
be related to stereotype threat based on the Schmader et al. (2008) model. While little research
has looked into possible gender differences in metacognition, there is some evidence of a
difference specifically related to performance expectations, which may in turn be informed and
influenced by gender stereotypes. This demonstrates a relatively important gap in the literature;
gender differences in spatial navigation might, at least in part, be explained by metacognitive

differences brought on by stereotype threat.
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CHAPTER 4: OVERVIEW OF EXPERIMENTS

GENERAL PURPOSE

The goal of the present thesis work is to determine if gender differences exist in local
metacognitive accuracy and confidence in the context of a spatial navigation task, and if this is
related to the well-established gender differences in spatial navigation performance. That is, the
present research aims to determine whether men possess more accurate metacognition and
whether this is related to them outperforming women in navigation. A related goal is to examine
whether local metacognitive judgments and navigation performance are affected by stereotype
threat/lift. The present findings could not only help to inform the theoretical basis for this gender
difference but could also have practical implications. For instance, the results from this research
could help inform spatial cognition training programs that include metacognitive aspects for girls
and women or education reform targeting improved spatial metacognition in math and science
classes. An ancillary goal of this research is to investigate the feasibility of applying the Nelson
and Narens (1990) metamemory framework to a navigation task setting, in order to expose and
help structure this new research direction.

Three experiments were conducted to assess gender differences in local metacognition
during a first-person virtual maze navigation task. The first two experiments were designed to
examine if, when applying the Nelson and Narens (1990) metamemory framework to our
navigation task, we indeed see gender differences in navigation performance and/or local
metacognitive accuracy. The third experiment involved manipulating confidence via a stereotype
activation procedure in order to compare how stereotyped instructional facilitation affects local
metacognition and navigational performance, and whether these effects differ between men and

women.
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GENERAL PROCEDURE

All three experiments follow the Nelson and Narens (1990) framework, in which
metacognition is operationally defined by the accuracy of trial-by-trial self-assessment
judgments in relation to future and past performance. All three experiments involved participants
learning maze layouts from a first person perspective and then attempting to navigate from the
entrance to the exit of those mazes via the shortest possible route; similarly, in all three
experiments, participants were asked to provide monitoring judgments between trials.
Monitoring judgment instructions were adapted to the navigation task with the intention of
preserving as much comparability as possible with traditional metacognition methods. According
to the framework, local metacognition is typically evaluated using relative and absolute accuracy
between monitoring judgment scores and performance. Both of these methods were adapted to
the current task, and both are described and discussed in each experiment.

Two prospective metacognitive monitoring judgments (Ease-Of-Learning and Judgment
Of Learning) and one retrospective judgment (Retrospective Confidence Judgment) have been
adapted to suit a navigation task (see “Materials” section under each study for adapted
metamemory instructions). While most studies have usually solicited only one type of
metacognitive judgment per trial, others have solicited multiple judgments for each trial (e.g.,
Busey et al., 2000; de Carvalho & Yuzawa, 2001; Dougherty et al., 2005; Leonesio & Nelson,
1990; Modirrousta & Fellows, 2008b; Watier & Collin, 2010, 2011, 2012). In an attempt to
achieve a more complete understanding of metacognitive monitoring during spatial navigation,
two judgments were solicited for the first two experiments: one prospective (EOL in Experiment
1, JOL in Experiment 2) and one retrospective (RCJ). All three were solicited for the third

experiment. Although the literature suggests that each judgment measures something different
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and that they are independent from one another (e.g., Busey et al., 2000; Dougherty et al., 2005;
Modirrousta & Fellows, 2008b; Pannu & Kaszniak, 2005) it remains possible that eliciting one
kind of judgment will have an effect on another. To test if this is the case, we calculated the
correlations between monitoring accuracy scores in each experiment. We hypothesized that the
correlations would be low, reflecting the independence of the judgments.

In all experiments, participants navigated through thirty virtual mazes, and an error was
recorded whenever they crossed invisible “trip wires” that were strategically placed in dead ends
(Shore et al., 2001). Participants navigated using the arrow keys on a typical computer keyboard.
Video tours of the same 30 mazes were created to be used as learning stimuli. These were either
shown in a series or paired with maze performances, or a combination thereof, dependant on the
needs of the monitoring judgment. A prospective monitoring judgment was taken after each
video tour, either an EOL or JOL, and a retrospective monitoring judgment was taken after each
maze performance.

In the first and second experiments, the maze task was programmed in C++ using
OpenGL and video tours were created by hand via video screen capture. For these experiments,
the experimenter was in the room and recorded metacognitive judgment scores, coordinated the
video tours to display on Windows Media Player, as well as launched the maze program when
appropriate. However, for the third experiment, instructions, maze performances, video tours,
and metacognitive judgments were all integrated into the same program in C++ using OpenGL.
The third experiment also included, at the end in paper and pen format, the Santa Barbara Sense
of Direction Scale (SBSOD; see Appendix A; Hegarty et al., 2002), and the Spatial Anxiety
Scale (SAS; see Appendix B; Lawton, 1994). More details on each scale are provided in the

description of Experiment 3.
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What most distinguishes Experiment 3 from Experiments 1 and 2 is the stereotype
threat/lift instructional facilitation protocol. While there was no mention of gender differences in
Experiments 1 and 2, there were three Stereotype Facilitation conditions in Experiment 3, where
different deceptive study introductions were given: 1) Pro Male facilitation condition: “men
outperform women on this particular task”, 2) Pro Female facilitation condition: “women
outperform men on this particular task”, and 3) Neutral facilitation condition: “the genders
perform equally on this task” (see each experiment for more specific task instructions). Data
collection for Experiment 3 was done at the INSPIRE lab, collecting data from up to four
individuals at a time, whereas data collection for Experiments 1 and 2 was done in a single
testing room, one participant at a time. All three experiments were run by the same female

experimenter.

GENERAL HYPOTHESES

Because this research examined a quite novel intersection between local metacognition,
gender differences in spatial navigation, and stereotype activation it was necessarily partly
exploratory in nature. By adapting the methodologies from the metacognition literature and
stereotype threat/lift literature to our navigation task, we were better able to operationalize our
hypotheses in a way that is highly structured and comparable to the existing literature in the
various relevant fields.

The research was driven by a number of hypotheses derived from past literature
examining gender differences in navigation. We predicted that men would outperform women on
all navigation tasks, showing fewer errors, shorter maze completion times, and fewer failed
mazes. In addition, we hypothesized that men would demonstrate greater overall confidence than

would women, with larger mean EOL, JOL, and RC]J ratings.
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In relation to metacognitive accuracy, we hypothesized that men would have more
accurate relative and absolute metacognitive values compared to women. These hypotheses are
derived from multiple sources, including a study that previously examined a form of local
metacognition during a mental rotation task and found that men had more accurate confidence
(Cooke-Simpson & Voyer, 2007). Although the only other relevant study which found gender to
not predict performance and metacognitive outcomes on a map and verbal direction memory task
(Schwartz, 2006). Regardless, women are expected to have greater difficulty in distinguishing
between mazes that will be (or were) correctly or incorrectly performed because they have less
experience with tasks that hone spatial cognition skills compared with men (e.g., Lawton &
Morrin, 1999) as well as a poorer VSWM (for a review, see Voyer et al., 2017). This is
corroborated by studies showing experts demonstrate relatively superior monitoring and control
abilities compared with novices across a variety of tasks (e.g., Gobet, 1998; Hallam, 2001;
Martini & Shore, 2008). Thus, we expected women’s metacognitive confidence ratings would be
less well correlated with their performance on a trial-by-trial basis (relative metacognitive
accuracy). In addition, we expected any difference between observed and predicted performance
probability means to be greater for women than for men (absolute metacognitive accuracy).

In addition to the above hypotheses, which apply to all three experiments, there were a
number specific to Experiment 3, which involve stereotype facilitation effects. The hypotheses
related to stereotype activation are based on a combination of the Nelson and Narens (1990)
metamemory framework and the Schmader et al. (2008) model of stereotype activation effects.
This latter model suggests that, during stereotype threat activation, increased performance
monitoring and stress arousal, due to an increase in self-consciousness and anxiety, deplete

working memory resources and thus limit performance. They consider stereotype lift to alleviate
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stress, which allows working memory resources to fully support performance. Related work has
examined the role of other variables surrounding the concept of self-efficacy. For instance, a lack
of self-confidence, self-efficacy and/or increased anxiety have been shown to influence global
metacognition and metacognitive monitoring (e.g., Coutinho & Neuman, 2008; Kleitman &
Stankov, 2007; McDonald-Miszczak, Gould, & Tychynski, 1999; Stankov; Tobias & Everson,
1997; Veenman, Kerseboom, & Imthorn, 2000; West, Boatwright, & Schleser, 1984). As the
framework by Nelson and Narens (1990) implies improved performance with improved
metacognitive monitoring and control, it is possible to combine this idea with Schmader et al.’s
stereotype threat model and hypothesize that stereotype threat reduces performance by reducing
metacognitive monitoring accuracy via changes in self-confidence and/or anxiety. That is, we
posit that stereotype threat may increase anxiety and reduce self-confidence which influence
metacognitive monitoring and control processes, which in turn deplete working memory
resources, ultimately limiting performance. In short, metacognitive factors may act as an
intermediary between stereotype activation and performance modulations. The present study
sought to investigate this hypothesis by determining if confidence, metacognitive monitoring and
performance are affected by stereotype activation. We also explored whether stereotype threat
would influence spatial anxiety using the SAS and global metacognition using the SBSOD.
More specific hypotheses are described in each individual experiment. As stated above,
the novel nature of this study required that some of the methodology be exploratory in nature.
For instance, we examined the relationship between different types of metacognitive judgments
(EOL, JOL, and RCJ) and performance on our navigation task in order to compare the results on
each judgment to the metacognitive literature. This was done without a guiding hypothesis, with

the goal of initiating research on the relationship between local metacognition and navigation.
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