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Abstract

Commuting to work or taking a trip to the nearby grocery store might seem as we are
on autopilot, yet at the cognitive level it is anything but simple. Navigating in dynamic
settings involves various complex processes, such as perception, attention, decision-making,
adaptation and execution. Interestingly, research has shown that the ability to solve spatial
problems is considered one of the most reliable domains to demonstrate sex differences, with
distinct preferences for learning strategies. Beyond sex, environmental and cultural factors
as well as personal experiences also play critical roles in shaping how, and how well, we find
our way.

In response to this complexity, my research adopts a fundamentally different approach.
In Chapter 2, we introduced a spatial memory paradigm that provides novel experience to
both males and females. The environment was built on minimal information, where salient
spatial cues, such as traditional landmarks and orientation cues, were omitted. By minimizing
familiarity, the design reduced biases of culture, environment and prior knowledge, allowing
memory processes to be observed in their most elemental form. By reintroducing familiar
spatial elements, the goal was to pinpoint the specific instances and conditions under which
gender differences may arise.

In Chapter 3, we extended this minimal framework with an incidental learning paradigm.
While navigating the sparse environment, participants were exposed to floating images of
faces and objects. This design allowed us to examine how spatial memory interacts with the
incidental encoding of socially and perceptually meaningful information.

Moving beyond sex differences, Chapter 4 focuses on individual variability. By imple-
menting the Object Imagery and Verbal Questionnaire together with the Sensory Processing
Sensitivity Questionnaire, it links spatial performance to broader cognitive styles and sensory
sensitivity, offering a more nuanced perspective on how spatial memory is shaped.

Finally, in Chapter 5, we return to the original spatial memory paradigm and place the final
piece of the puzzle. We introduce the most familiar setting, one that most closely resembles
real-world experiences, allowing us to test whether, and in what way, sex differences manifest
once everyday spatial cues are restored.
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Introduction

1.1 Mapping memories

1.1.1 The hippocampal system

Spatial cognition is fundamental to the survival and daily functioning of almost all species.

This essential skill involves the encoding, storage and replay of a sequence of spatial locations,

enabling individuals to navigate towards a goal. How does the brain encode and recall spatial

locations with such precision?

Spatial cognition is one of the most �ourishing �elds in neuroscience ever since John

O'Keefe's groundbreaking discovery of place cells, making the hippocampus central in spatial

memory (O'Keefe and Dostrovsky, 1971). The hippocampus, located in the medial temporal

lobe within the limbic circuitry, receives inputs from the septal nuclei, the amygdala, and

the thalamus (Witter, 2007). It comprises the dentate gyrus and the cornu Ammonis (CA),

also known as hippocampus proper. Together with the subiculum, these structures form the

hippocampal formation. The hippocampus proper contains large pyramidal neurons, and it

is organized into three zones: CA1, CA2 and CA3. Information �ows unidirectionally within

the hippocampal network: starting from the entorhinal cortex, it progresses to the dentate

gyrus, then to CA3, CA1, and loops back to the entorhinal cortex (Vakilna et al., 2021,

Figure 1.1).

The hippocampus is crucial for encoding complex sequences of events and spatial locations,

as well as linking these sequences to form a comprehensive cognitive map that enables the

retrieval of interconnected episodic memories, a type of declarative memory (Eichenbaum,

2004; Bird and Burgess, 2008). It also plays a key role in the consolidation of short-term

memories into long-term storage, e�ectively connecting our daily experiences with our long-

term memory (Squire et al., 2004). This function is vital for learning and adapting, as it

allows for the recall of individual memories and the integration of these memories to form

9



10 CHAPTER 1. INTRODUCTION

new insights. The hippocampus integrates diverse memories over time and space, supporting

our abilities in navigation, prediction, and future planning (Moscovitch et al., 2016). It also

interacts with higher cortical areas to modulate attention and decision-making, providing a

context for interpreting new information Preston and Eichenbaum (2013). The hippocampus

therefore is more than just a storage unit for memories: it actively processes information

that in�uences our perception and interaction with the environment.

Figure 1.1: Hippocampal system. Reprinted from"The hippocampus as a visual area orga-
nized by space and time: A spatiotemporal similarity hypothesis", by Turk-Browne (2019),
retrieved from https://doi.org/10.1016/j.visres.2019.10.007 .

1.1.2 Spatially selective cells

In 1971, while recording single units in the rat hippocampus, O'Keefe observed that a certain

neuron was sensitive to a speci�c spatial location, activating exclusively when the rat visited

that special place (O'Keefe, 2014a). He noted that other neurons behaved similarly: as

the animal explored a new environment, a combination of neurons become active, and re-

activated in the same fashion upon revisiting those places. Whenever the animal explored

a new location, the place cells were remapped, leading to di�erent combinations of cells

representing di�erent spaces (Muller and Kubie, 1987). Place cells are also in�uenced by

the geometry of the environment: when environmental boundaries are altered, shape-based

remapping occurs (Hartley et al., 2000). O'Keefe proposed that this dynamic representation

of space must be Tolman's cognitive map (Tolman, 1948). Interestingly, the physical locations

of the place cells in the brain have very little correlation with the spatial locations where they

�re (place �elds), which still ba�es researchers (O'Keefe and Nadel, 1978; O'Keefe, 2014b).
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O'Keefe's �ndings provided one of the �rst pieces of evidence for a neural correlate of a

mental state, speci�cally the sense of space (Mallot, 2023). By now, a variety of spatially

selective cells have been discovered in the hippocampal formation that form a comprehensive

navigational system. In 2005, May-Britt and Edward Moser further expanded the under-

standing on how spatial information is processed in the brain, by identifying grid cells in the

medial entorhinal cortex (Figure 1.2). Grid cells are named for their unique �ring patterns

that cover the spatial environment. As the animal moves through space, each grid cell �res

periodically at multiple locations that form vertices of a hexagonal grid in the environment

(Hafting et al., 2005). These cells enable the animal to track its position relative to a starting

point by internally updating its coordinates based on movement cues, an ability known as

path integration (Mittelstaedt and Mittelstaedt, 1980). Grid cells provide a scalable metric

for mapping environments (Moser et al., 2015). In addition to varying scales, the �ring pat-

terns can also di�er based on the direction in which the grid cells are aligned and the degree

of overlap between one grid pattern and another, known as phase (Si et al., 2012). Grid cells

are also highly organized into modules in the entorhinal cortex. Within each module, the

�ring patterns of the grid cells share the same scale and orientation but di�er in phase. The

deeper a module is located in the entorhinal cortex, the larger the scale of its grid cells' �ring

pattern (Pilly and Grossberg, 2014; Stensola et al., 2012). While grid cells might seem to

solely provide precise metric for navigation, research suggests that they also aid in learning

about space: grid patterns have been shown to be in�uenced by changing geometry of the

environment (Fyhn et al., 2007; Krupic et al., 2015; Wernle et al., 2017), by walls (Barry

et al., 2007; Keinath et al., 2018), by local cues (Ismakov et al., 2017), and even by goals

(Boccara et al., 2019; Luo et al., 2022).

Since 2005, grid cells have been discovered in other parahippocampal areas, such as the

presubiculum and parasubiculum (Boccara et al., 2010). Grid cells also interact with place

cells as they in�uence the resolution of the place �elds, and they also interact with head

direction (HD) cells, which may potentially provide directional information to form their

hexagonal pattern (Winter et al., 2015; Mallory et al., 2018; Gerlei et al., 2020). HD cells are

found in the postsubiculum, as well as in the retrosplenial cortex and the entorhinal cortex

(Figure 1.2). Receiving inputs from the vestibular system, they �re whenever the animal

faces a certain direction to keep it oriented. Di�erent HD cells respond to di�erent angles,

each �ring at a speci�c angle relative to each other, making up all 360 degrees. Landmarks

show strong control over their preferred direction: one type of HD cells aligns themselves to

local landmarks, while another type aligns themselves to global ones (Taube, 2017).

Notably, HD cells are among the �rst spatially selective cells to develop, appearing by

postnatal day 12 in rats, before they open their eyes and before they begin to actively
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explore their environment. Moreover, they exhibit adult-like properties from the onset. This

early emergence indicates that the HD system is capable of organizing itself without reliance

on visual cues, (although visual cues rapidly improve the reliability of directional signals),

suggesting its foundational role in the spatial orientation system (Tan et al., 2015, see also

Section 1.2.3) . While grid cells and place cells develop more slowly, together with HD cells,

they form a preliminary map of space as early as postnatal day 16 (Langston et al., 2010).

HD cells supply information not only to grid cells, but also to boundary vector cells (BVC),

which further aid in orientation (Lever et al., 2009). BVCs, found in the subiculum, �re

whenever the animal is at a speci�c distance and angle from a boundary, that is, anything

that blocks navigation (Figure 1.2). These cells might be responsible for the shape-based

remapping of place �elds; moreover, the removal or addition of boundaries in an environment

can cause place cells to stop �ring completely (Muller and Kubie, 1987; Barry et al., 2006).

Border cells, located in the medial entorhinal cortex, are related to BVCs but their func-

tional characteristics are di�erent. While BVCs encode the distance and direction to en-

vironmental boundaries, and provide a vector-like representation that is useful for navigat-

ing relative to multiple boundaries, border cells �re when an animal is close to the actual

boundary itself, such as the walls or edges of platforms. Border cells are therefore useful for

immediate boundary detection, avoiding collisions and navigating along the edges of environ-

ments. Border vector cells have also been shown to be crucial to the formation of functioning

grid cells in early development of rats, although the absence of boundaries in early life does

not necessarily prevent the emergence of grid patterns if the animal gains some experience

at a later stage (Ulsaker-Janke et al., 2023). Like head-direction cells, border cells are one

of the �rst spatially selective cells to emerge in the developing brain, expressing adult-like

�ring �elds from the �rst days of exposure to an open environment, further indicating their

fundamental role in spatial representations (Bjerknes et al., 2014).

The range of spatially selective cells continues to expand, with new types being identi-

�ed over time. Speed cells in the entorhinal cortex adjust their �ring rate based on the

animal's linear and angular navigational velocity (Krop� et al., 2015; Spalla et al., 2022).

Landmark-controlled cells become active in response to speci�c landmarks within the environ-

ment (Gothard et al., 1996); (Rivard et al., 2004; Deshmukh and Knierim, 2013). Similarly,

object vector cells �re when an animal is at a speci�c distance and direction from objects in

its surroundings (Høydal et al., 2019).

To conclude, grid, head-direction, border, speed and object vector cells in the medial en-

torhinal cortex and adjacent parasubiculum, as well as place, boundary vector and landmark-

controlled cells in the neighbouring hippocampal-parahippocampal regions, collectively form

a sophisticated navigational system that provide a precise metric for mapping, and an un-
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derstanding of space (Andersson et al., 2021).

Figure 1.2: Examples of spatial cell types in the rat hippocampal formation. A, place cells
activate in speci�c locations regardless of heading direction. The heat maps represent the
�ring rates of seven example place cells. B, head direction cells �re based on head orientation,
independent of location. Radial plots of the �ring rate for seven example head direction cells.
C, grid and other periodic cells �re in symmetrical patterns across environments. The heat
maps represent the �ring rates of seven example grid cells. D, border or boundary cells in
the subiculum, which �re at �xed distances from boundaries in an allocentric direction. Heat
maps represent the �ring rates of three example synthetic allocentric border cells in an open
�eld and when a boundary is inserted. Reprinted from"Making Sense of the Multiplicity
and Dynamics of Navigational Codes in the Brain", by Maisson et al. (2022), (p. 8451).
Retrieved from https://doi.org/10.1523/JNEUROSCI.1124-22.2022. .

1.2 Paths, places, and perspectives

1.2.1 Cognitive maps and graphs

Siegel and White's 1975 theoretical model describes how spatial representations are acquired

and evolve over time in a new environment, a process they termed spatial cognitive micro-

genesis. This model was so in�uential, it was referred to as the dominant framework for

decades (Montello et al., 1999). At the core of spatial representations are landmarks: in a

new environment, we �rst recognize distinct objects and scenes that stand out due to their
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shape, size, or colour (e.g., a large cathedral), and for their functionality in navigation (e.g.,

located by a cross-section). This initial stage is called landmark knowledge (Ishikawa and

Montello, 2006). Once the identities of landmarks are established, we begin to connect them

through sequences of environmental choice points (such as moves and turns), creating route

knowledge. This stage is procedural, starts out non-metric, and it is often described as ego-

centric, since it relies on the observer's perspective and experience. Finally, we transition

to the most advanced stage, survey knowledge. Here, we also learn the distances and the

directional relationship among landmarks, even among the ones we never directly travelled

to.

Survey knowledge forms the basis of cognitive maps, which represent spatial relationships

in a globally consistent manner, structured within a uni�ed coordinate system. Tradition-

ally, it is thought to encode environmental features like places, landmarks, and goals within

Euclidean space (Peer et al., 2021; Chrastil and Warren, 2014). By relying on this allocentric

framework, cognitive maps enable us to understand spatial relationships and to navigate in

an e�cient, �exible way. For instance, if you know the locations of the train station, a store,

and your home relative to one another, the uni�ed coordinate system allows you to determine

the shortest path between any of these points.

However, growing evidence has shown that people tend to disregard Euclidean metric when

navigating towards a goal. Estimating distances and directions between locations tend to be

in�uenced by the number of turns taken and can di�er between inbounding and outgoing

path directions (Jansen-Osmann and Wiedenbauer, 2004). People also tend to create simple,

schematic representations of their environment. To address these tendencies, an alternative

theory suggests that spatial knowledge is organized in a graph-like structure, composed of

locations (nodes) connected by paths, without any reference to a global coordinate system,

which may better re�ect route-based navigation, an ordered sequence of stimuli and response

(e.g., �when you see the bakery, turn right�).

While these two models used to be viewed as con�icting concepts, a more recent theory

suggests that the human brain encodes both types of spatial knowledge structures (Fig-

ure 1.3). According to Peer et al. (2021), these two types of representations are encoded

in the hippocampal formation by partially distinct and partially overlapping neural systems,

supporting both Euclidean-like and graph-like representations. This dual representation may

provide the �exibility needed for navigation across di�erent environments and navigational

demands, allowing us to rely on a metric, map-like framework when precision is required,

or to switch to a simpler, route-based structure when e�ciency or familiarity makes it more

bene�cial.
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Figure 1.3: Map-based (Euclidean) and graph-based representations in the Peer et al. (2021)
framework. In the spatial domain (top row), locations can be represented either in Eu-
clidean coordinates, or by nodes (locations) and links (paths between the locations). These
two representations can be used simultaneously for a more �exible and e�cient naviga-
tion. Map-based and graph-based knowledge can also be represented in non-spatial domain
(bottom row). For example, one's social circle can be continuously represented in terms
of their personality characteristics, or they can be distinct entities (nodes) with speci�c
social connections between one another (links). Reprinted from"Structuring Knowledge
with Cognitive Maps and Cognitive Graphs", by Peer et al., 2021 (p. 38). Retrieved from
https://doi.org/10.1016/j.tics.2020.10.004. .

1.2.2 Landmarks

The hippocampus integrates sensory and spatial information to anchor landmarks within

cognitive maps, providing a framework essential for navigating both familiar and novel envi-

ronments O'Keefe and Nadel (1978). The role of the hippocampus in landmark processing

is complemented by the parahippocampal gyrus, a neighbouring region crucial for encod-

ing and recognizing the navigational relevance of landmarks. Janzen and van Turennout

(2004) demonstrated that this brain region selectively increases its activity only for land-
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marks located at decision-making points along a route, independent of the salience of all

other landmarks. Remarkably, this selectivity is established after just one exposure and

persists even when these landmarks are not consciously remembered. Janzen and van Turen-

nout found that the parahippocampal response to decision-point landmarks is independent

of explicit memory, suggesting that its role in spatial cognition is the automatic detection

of landmarks that are useful and informative for navigation. These �ndings further indicate

an e�cient and cooperative brain system, crucial for survival, in which the parahippocampal

gyrus selectively �lters information that most bene�ts hippocampal functioning (Spiers and

Maguire, 2004).

The retrosplenial cortex complements the hippocampus and parahippocampal gyrus by

contextualizing landmarks and integrating them into �exible navigational strategies. A key

function of the retrosplenial cortex is its ability to process both local and global landmarks,

which di�er based on their spatial visibility and utility. Local landmarks are in close proximity

to the individual's current position, providing immediate navigational cues, while global

landmarks are visible from greater distances or multiple perspectives, o�ering broader spatial

orientation (Noble et al., 2020). In this region, two types of head direction (HD) cells have

been identi�ed: one type responds to local landmarks, while the other is attuned to global

landmarks (Taube, 2017). The retrosplenial cortex plays a vital role in distinguishing reliable

from unreliable landmarks, responding most strongly to stationary landmarks that serve as

consistent spatial reference points (Page and Je�ery, 2018). Together, the hippocampus,

parahippocampal gyrus, and retrosplenial cortex appear to form a dynamic network that

encodes, evaluates, and integrates landmarks to guide navigation.

1.2.3 Orienting

The advancement in communication technology made pedestrian navigation systems widely

accessible. However, this convenience might come at the cost of our spatial abilities. A recent

meta-analysis by Miola et al. (2024) found that GPS use negatively impacts environmental

knowledge and sense of direction. Ishikawa (2018) further investigated the long-term e�ects

of navigation tools on spatial orientation and way�nding accuracy. They determined partici-

pants' accumulated experience with navigation tools by taking the duration of use multiplied

by frequency of use. Sense of direction was assessed by the Sense of Direction Scale (Hegarty,

2002). He observed that frequent pedestrian and in-car GPS users reported a lower sense of

direction, made more way�nding errors and were less e�cient. In contrast, those who relied

on paper maps reported a stronger sense of direction and demonstrated greater accuracy in

�nding their desired paths.

A key distinction between paper maps and navigation systems lies in the nature of learn-
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ing: active versus passive. Pedestrian and in-car navigation systems enable users to follow

directions passively, which eliminates two critical elements of way�nding: on one hand, users

are unable to associate environmental choice points to landmarks, since GPS systems pri-

marily display road networks devoid of landmarks. Instead, the cue to turn at a choice point

is solely provided by the GPS. In the absence of landmarks, GPS systems also automatically

orient the user in the right direction, bypassing the need for individuals to actively orient

themselves. As a result, the initial learning of the environment at the point of departure is

e�ectively eliminated. This illustrates how removing the need to self-orient, as GPS systems

do, can erode spatial abilities.

This behavioural evidence aligns with neurophysiological �ndings showing that orienting

is the cornerstone of way�nding. Within the brain's navigation system, HD cells (see Section

1.2.3) provide the simplest allocentric signal by encoding facing direction based on vestibular

input and aligning it to external sensory cues, such as landmarks (Peyrache et al., 2017).

This signal is conveyed by the antero-dorsal thalamic nucleus to the post-subiculum, which

integrates it with other sensory information and projects it throughout the parahippocampal

circuit. Developmentally, HD neurons emerge at the earliest stage of ontogenetic develop-

ment, alongside border cells, which code for environmental boundaries (Bjerknes et al., 2015;

Tan et al., 2015; Langston et al., 2010). Interestingly, both precede the maturation of grid and

place cells, and their activity is critical for the later formation of these spatial representations.

In this perspective, orienting is not simply one of many components of way�nding; it

is the building block on which successful navigation depends. It is during self-orienting

that individuals anchor themselves within the environment, link landmarks to choice points,

and construct a coherent spatial framework. When this process is bypassed, environmental

knowledge is often fragmentary.

1.3 Gendered geometry

1.3.1 Male advantage or (individual) di�erence in experience?

There is a widespread belief in a male advantage in spatial navigation tasks across many

species, including humans. Moreover, the ability to solve spatial problems is considered

one of the most reliable gender di�erences, with distinct preferences for learning strategies

(Saucier et al., 2002; Jones and Healy, 2006; Pletzer, 2014; Andersen et al., 2012; Pletzer

et al., 2017; Dahmani et al., 2023).

The male advantage in spatial cognition has often been explained by the sex-speci�c adap-

tation hypothesis, which suggests that males, due to larger home ranges for navigation or
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natural selection, have evolved better spatial navigation skills (Jones et al., 2003). However,

modern communities that primarily rely on hunting, gathering, �shing, or herding for their

livelihoods, and therefore with lifestyles resembling those of ancestral societies, provide in-

consistent evidence. A study conducted by Clint et al. (2012) analysed 11 animal species

and found no relationship between sex di�erences in home range size and spatial ability.

The authors aimed to address the limitations of this study by expanding it with 10 addi-

tional species, and by including human populations from non-Western cultures where both

sexes have similar ranging behaviour. The study's updated analysis continued to �nd little

evidence that could support the sex-speci�c adaptation hypothesis despite broadening the

species pro�le (Hults et al., 2024). Speci�cally, in non-Western human populations, where

both sexes travel long distances, the previously observed male advantage in spatial orienta-

tion tasks disappeared (Berry, 1966; Cashdan et al., 2012; Trumble et al., 2016; Davis et al.,

2021; Jang et al., 2019). This lack of correlation suggests that other factors, such as cultural

or environmental in�uences, could be key factors in developing spatial abilities, challenging

the notion that these abilities are the result of species-speci�c evolutionary adaptations.

In addition to navigation, sex di�erences have been observed in memory consolidation

during incidental learning. Torromino and colleagues have demonstrated that female mice

show a lower memory consolidation capacity during an incidental learning paradigm (Tor-

romino et al., 2021). They found that at a short delay (1 minute), male and female mice

demonstrated similar (incidental) memory capacity. However, when the delay was long (1

hour or 24 hours), female mice remembered up to 4 objects, while male mice remembered

up to 6. This may suggest that while male mice could consolidate all incidentally learned

items to long-term memory, female mice can only do so in lower memory load conditions.

In a subsequent brain mapping study, they found that the high memory load condition led

to a higher activation of the dorsal hippocampus (dHP) in male mice than in female mice,

whereas female mice demonstrated a higher activation in the thalamic nucleus reuniens (RE).

Comparison of low, intermediate and high memory load conditions indicated that this sex

di�erence in recruiting di�erent pathways was load dependent. However, chemogenetic inhi-

bition of the RE and stimulation of the dHP revealed that this capacity limit in female mice

can be reversed, demonstrating similar performance to male mice. Conversely, stimulation

of the RE in male mice lowered the capacity to the level seen in female mice.

These �ndings suggest that sex di�erences in spatial cognition cannot be explained solely

by species-speci�c evolutionary pressures or task-speci�c demands. While di�erential neural

mechanisms may contribute, their context dependence and reversibility indicate that they

are not the whole story, motivating us to also consider stable individual traits. Blazhenkova

and Kozhevnikov (2008) suggest that cognitive styles may also play a role in spatial mem-



1.3. GENDERED GEOMETRY 19

ory performance, as individuals di�er in their preferences for visual or verbal processing.

They proposed a three-dimensional cognitive style model which categorizes individuals into

three trait-like styles. Verbalizers prefer to process information verbally, spatial visualizers

excel in tasks requiring mental manipulation of objects and navigation, while object visual-

izers are better at recognizing and recalling the detailed features of objects. These distinct

cognitive traits may in�uence how individuals encode, store, and recall spatial information.

Understanding a participant's cognitive style could help explain variations in spatial memory

performance across individuals (Hö�er et al., 2017; Blazhenkova and Kozhevnikov, 2008).

Taken together, the evolutionary, neurobiological, and individual di�erences perspectives

raise several broad questions that motivate the present work. Does the male advantage

reported in many studies of spatial navigation re�ect hardwired, structural di�erences, or are

such �ndings better explained by task-dependent neural activation? If structural explanations

are insu�cient, should we instead interpret observed sex di�erences as re�ecting tendencies

toward di�erent navigation strategies, or even di�erent motivational tendencies in males and

females? Finally, to what extent are such strategy preferences determined by stable cognitive

traits, and to what extent do they re�ect dynamic choices shaped by the context and demands

of the situation?

To address these questions, the remainder of this thesis is organised into �ve parts.Chap-

ter 2 introduces a novel virtual reality paradigm designed to minimise reliance on prior spatial

experience. By systematically manipulating environmental familiarity (sparse vs. landmark-

rich, �at vs. spherical layouts), we test the hypothesis that sex di�erences in sequential spatial

recall emerge selectively with increasing environmental plausibility.Chapter 3 extends the

paradigm with an incidental learning task, asking whether sex di�erences become more ap-

parent when faces or objects must later be recognised, whether retrieval modality (visual vs.

verbal) and retention delay modulate these e�ects, and how incidental learning in�uences

the original spatial memory task. Chapter 4 moves beyond sex di�erences to examine indi-

vidual di�erences, testing how cognitive style (object imagery, spatial imagery, verbal) and

self-reported strategy preferences predict recall performance, and whether these predictors

interact with sex. Chapter 5 returns to spatial familiarity by combining Euclidean structure

with traditional landmarks, testing whether this maximally familiar condition ampli�es sex

di�erences and their relationship with imagery abilities. Finally,Chapter 6 provides a general

discussion and proposes a novel mental rotation paradigm to further investigate whether the

context-dependent nature of sex di�erences observed in navigation tasks extends to mental

rotation.
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A dynamic task in a sparse environment

2.1 Abstract

Sex di�erences in spatial cognition often show males outperforming females, especially in

familiar environments rich with traditional landmarks. The present study explores these

di�erences in a novel context: a sparse, spherical virtual reality environment devoid of famil-

iar cues, such as traditional landmarks and other orientation aids. By manipulating spatial

structure and the presence of familiar cues, we aimed to investigate how males and females

di�er in their Sequential Recall performances and spatial strategy use in this unfamiliar

setting. In such a non-Euclidean and unusual space, without traditional landmarks, recall

performance shows a surprising bimodal distribution, and males and females exhibit similar

behaviours with no clear preference for a particular strategy. Across environments di�ering

in familiarity, we observed a shift from bimodal to trimodal to roughly normal distributions,

which may re�ect the increased spatial plausibility of the environment making available a

multiplicity of cues. Still, this does not translate into a major improvement in performance.

Di�erences in familiarity were also associated with sex di�erences. Already in the spherical

environment, but rich in traditional landmarks, males exhibit a signi�cant strategy prefer-

ence, while in a �at (Euclidean) setting, they outperform females in Sequential Recall. These

results indicate that when males and females experience an equally novel spatial paradigm,

sex di�erences tend to vanish, suggesting that the male advantage in spatial cognition may

require environmental familiarity and the activation of culturally honed schemata.

2.2 Introduction

Navigation towards a goal in an unknown non-trivial environment involves the encoding, stor-

age and replay of a sequence of spatial locations (Lee et al., 2023). Spatial sequential working

21
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memory is limited both in capacity and duration (Miller, 1956; Cowan, 2001; Pertzov et al.,

2017). Research across human and nonhuman animals consistently shows that performance

in spatial memory tasks can vary by sex, with males typically outperforming females in both

small-scale (e.g., mental rotation; (e.g., mental rotation; Metzler and Shepard, 1974; Jansen

and Heil, 2009; Maeda and Yoon, 2012) and large-scale (e.g., navigation) spatial abilities

(Astur et al., 1998; Nazareth et al., 2019). In addition to performance di�erences, males and

females often di�er in their spatial strategies. Males tend to use �survey� or �allocentric�

strategy, forming a map-like, global representation of the environment, relying on Euclidean

metrics such as distances and direction. Females are reported to prefer to use �route� or

�egocentric� strategy, connecting landmarks through sequences of decision points from the

observer's perspective (Lawton, 1994; Montello et al., 1999; Ishikawa and Montello, 2006;

Jones and Healy, 2006; Tascón et al., 2021). This aligns with neuroimaging �ndings that

show that in large-scale navigation tasks, males exhibit greater activation in the hippocam-

pus, a region associated with allocentric encoding, while females show more activation in the

prefrontal cortex, suggesting a reliance on egocentric encoding (Grön et al., 2000; Yagi and

Galea, 2018; Rolls, 2023; Zhang et al., 2023). The greater hippocampal activation in males

may in fact not be speci�c to spatial tasks (Torromino et al., 2021).

There have been numerous theories attempting to explain this gender gap. The sex-speci�c

hypothesis suggests that the male advantage in spatial abilities is an evolutionary adaptation,

rooted in historically larger home ranges (Clint et al., 2012). However, evidence indicates that

sex di�erences in spatial behaviour typically emerge during childhood, soon after children

begin to segregate and start participating in their gender-speci�c adult activities (Miner

et al., 2014; Cashdan and Gaulin, 2016). In most non-industrialized societies, girls tend

to stay in their homes close to their mothers, assisting in caregiving and household chores,

while boys take part in activities farther from home, such as �shing or hunting (Gallois et al.,

2015; Davis et al., 2021). This pattern holds even in industrialized societies, where boys tend

to enjoy greater spatial freedom than girls, whose mobility is often restricted due to safety

concerns. For example, Webley (1981) found that boys at age 8-9 had larger home ranges and

drew more accurate and detailed cognitive maps than girls. However, when the same children

were taken to a new, limited area to explore, this sex di�erence disappeared. Similarly, other

studies have reported no sex di�erences in performance on both large-scale and small-scale

spatial skills when range sizes are matched (Berry, 1966; Cashdan et al., 2012; Trumble et al.,

2015; Jang et al., 2019; Davis and Cashdan, 2020). These �ndings suggest that sex-related

di�erences in spatial cognition may re�ect environmental experience, and not necessarily be

due to innate male superiority, e.g. as a product of evolution.

Virtual-reality-based tasks provide an opportunity to construct spatial paradigms that are
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unusual in the real world (Cushman et al., 2013). Leveraging this advantage, we aimed to

design a minimally complex yet unfamiliar environment that provides novel spatial experi-

ence to both males and females. Speci�cally, we created a sparse spherical space that lacks

qualitative spatial information, such as traditional landmarks and orientation cues. Research

on non-Euclidean spaces suggests that even in spherical environments, human participants

exhibit a Euclidean bias in navigation (Widdowson and Wang, 2022; Baumann and Mallot,

2023; Kim and Doeller, 2024), while distortions in spatial representation are observed, includ-

ing in rodent grid cells (Stella et al., 2019; Ulsaker-Janke et al., 2023), highlighting the novelty

of such unfamiliar settings. We then changed the environment by adding di�erent familiar

cues across the conditions. We hypothesized that the changes in familiarity/plausibility will

be re�ected in distinct sex trends of spatial memory performance. In a broader sense, we

aim to understand how spatial behaviour in non-standard environments can be interpreted

through cognitive maps and examine how varying degrees of familiarity in�uence memory

performance.

2.3 Experiment 1 � Spherical, sparse environment

2.3.1 Methods

Participants

Sample size was estimated a priori using thepwr.anova.test function from the pwr

package. WithN = 96 (48 per level, sex-balanced), the design had approximately 80% power

to detect an e�ect of f = 0:29(medium by conventional benchmarks; (Cohen, 2013)). For the

full 2� 2� 2 between-subjects design (8 cells;n = 12 per cell), power for interaction e�ects of

f = 0:35 was about 66%. We acknowledge that reported sex/gender di�erences in navigation

tasks are often smaller than this ((Nazareth et al., 2019)), and thus the present study may

not have been optimally powered for such e�ects. The chosen sample size represented a

balance between adequate sensitivity and the practical constraints of exploratory work and

feasible recruitment. Ninety-six healthy adults participated through the online platform

Proli�c (48 females; mean age =25:66 � 7:25 years). All included participants indicated

coinciding biological sex and gender, normal or corrected-to-normal vision, and no history of

neurological or psychiatric disorders. They provided informed consent prior to participation

and received monetary reward for their involvement. The study was approved by the Ethics

Committee of the International School for Advanced Studies (SISSA), ensuring compliance

with ethical standards.
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Materials

Participants navigated a spherical environment with minimal spatial cues, hereafter re-

ferred to as theSpherical Sparsecondition.

Uniform spaces were created by projecting Platonic solids onto a sphere - speci�cally a

cube in one variant and a dodecahedron in another - as navigable spaces within the sphere.

Each face of these solids was assigned a distinct colour (Figure 2.1). Because Platonic solids

are constructed from identical regular polygons, this symmetrical design provides environ-

ments where each coloured plane serves as an integration of space and landmark, reducing

qualitative di�erences and eliminating any �xed orientation cues. One can therefore navigate

by understanding the relative positions of the coloured tiles.

Spatial learning and sequential working memory capacities were tested by manipulating

the number of objects (identical small white spheres, or �balls�) whose location participants

were required to retain in memory (up to 8 objects) and by using environments of di�ering

complexity (cube vs. dodecahedron). These balls would always appear on one of the vertices

of the coloured tiles. This required participants to rely on memorizing combinations of three

colours of the faces and the relative positions of these faces.

Movements were also of two di�erent types. In the '3D-movement' variant, participants

navigated inside the sphere by �oating freely in all directions and rotating along all axes,

similar to movement in zero-gravity space. In the 'terrestrial movement' variant, participants

navigated along the inner surface of the sphere, mimicking terrestrial movement akin to

walking on the ground.

By varying both the environmental symmetry -using either a cube or a dodecahedron as

the internal structure- and the type of navigation ('3D Movement' or 'Terrestrial Movement'),

we created four distinct variants where we aimed to investigate how these factors in�uence

spatial learning and memory in environments lacking traditional landmarks and orientation

cues. As discussed earlier, the initial orienting process in way�nding is crucial. To facilitate

learning, participants were instantiated in the centre of the sphere, facing a randomized

direction.

Unity technical speci�cations
The virtual environments were developed inUnity (version 2019.4.16f1, Unity Technolo-

gies), using C# scripts edited in Visual Studio. Builds were exported in the WebGL format to

allow online participation via Proli�c. Participant data were saved locally during the session

in JSON format and automatically uploaded to a secure server at the end of the experiment.

The rendering pipeline was set to the Universal Render Pipeline (URP) in high-quality mode,
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