L3
i S

Analyses of movement patterns and individual
interactions in the animal behavior

(EATENC T 28V & DN — 2 L AAEH OfFHT)

K4 BlES BEA



Table of contents

Chapter 1. General INtroduCtion ..........cccvvvieiiiiiiiiiie e 2
Chapter 2. Lévy walk search strategy under predation risks..........cccccuveeennen.. 7

Chapter 3. Theoretical analysis and experiment of random avoidance

DERAVIOT ..ttt 31
Chapter 4. Detecting information transfer in ant SOCI€ty.........ccceevveeriieenneene 46
Chapter 5. Network structure of dominance hierarchy of ant workers ........... 76
Chapter 6. General diSCUSSION ......c.uviieeruiieeeiiieeeeiiieeeeieeeeeireeeereeeeseeeeeenes 114
Acknowledgement ...........ocuiiiiiiiiiieie e 119
RETEIEINCES ..ottt 120



Chapter 1
General introduction

Introduction

Movements, defined as changes in the spatial locations of individuals, are fundamental
characteristics of animals, and therefore, can define animals. In the 4t century B.C.,
Aristotle said in De Motu Animalium (On the Movement of Animals) that we must consider
the common reason for the movements of animals (Nussbaum, 1978). Even in modern
behavioral science, the question remains unchanged: How and why do animals move? In
order to examine this, studies in the animal behavior research field of behavioral ecology
have been conducted to analyze animal behaviors in terms of adaptive optimization through
natural selection (Wilson, 1975; Krebs and Davies, 1978). Although a number of
theoretical and empirical studies have successfully revealed optimal foraging strategies and
social structure, most analyses have been limited to shorter temporal and smaller spatial
scales due to the difficulties in collecting data. Actually, by moving in the environment
throughout their lifetime, animals have the ability to search for desirable things (e.g., food,
prey, and mates) and avoid harmful things (e.g., predator and disease) (Nathan et al., 2008).
Moreover, animals in groups can collectively move through direct interactions with other
individuals in the group, which leads to collective decision-making or efficient information
transfer (Camazine et al., 2003, Sumpter, 2010, Vicsek and Zafeiris, 2012). Therefore, we
need to quantitatively investigate movements on a larger scale. Recently, techniques that
can be used to collect movement data, such as GPS or image analysis, have been developed,
and they allow researchers to obtain long-term and high-resolution quantitative movement
data (Dell et al., 2014). Thus, movement ecology is a proposed research field that focuses
on quantifying and analyzing movements (Nathan et al., 2008).

Another important characteristic of animals is interactions with other individuals,

including prey-predator interactions, interspecific or intraspecific competition, and



cooperation (Solé and Bascompte, 2006; Nowak, 2006). These interactions are considered
one of the factors that drive the evolution of animal behavior through natural selection
because the consequences of interactions critically determine fitness. Furthermore,
individual interactions can directly influence ecological phenomena, such as population
dynamics and the spread of invaders and pathogens, and determine structures, such as the
food web structure and the spatial structure (Solé and Bascompte, 2006; Kondoh, 2003;
Ishii and Shimada, 2012). These remain a primary concern in ecology. Clearly, interactions
are critically associated with the movements of animals as movement patterns can influence
interactions and vice versa.

A number of studies of individual movement (i.e., not grouped) showed that
movements often fit into a special class of random walks called Lévy walks (Bartumeus et
al., 2003; Reynolds and Frye, 2007; Sims et al., 2008; Humphries et al., 2010; Viswanathan
et al., 2011). However, these studies have only examined interactions with targets, and, thus,
the effects of other interactions are less understood. In studies of collective behavior,
fascinating results have clarified the relationship between the interaction rule and
movements in schools of fish or flocks of birds with high polarization. However, groups
that are composed of diverse individuals and that exhibit complex dynamics (e.g., social
insects) have not been analyzed. Thus, the current understanding of the relationship

between interactions and movements is not sufficient.

Thesis outline and chapter abstracts

Outline

In this thesis, I consider both movements and interactions and investigate the relationship
between them. First, I concentrate on prey-predator interactions at the individual level in
terms of searching strategies (Chapter 2) and avoidance strategies (Chapter 3) and
theoretically investigate efficient movement patterns. Second, I examine the group level
and investigate conspecific interactions in social insects based on movement data (Chapter
4) and dominance behavior (Chapter 5). Finally, I discuss the movements and interactions

of animals (Chapter 6).



Chapter 2: Lévy walk search strategy under predation risks

All animals search for desirable things, such as food, prey, and mates. Previous studies on
search behavior have predicted that animals perform a special class of random walk, called
a Lévy walk, to obtain more targets (Viswanathan et al., 1999; Viswanathan et al., 2011).
However, the findings of some empirical studies have not supported this prediction
(Edwards et al., 2007), and the relationship between search strategies and ecological factors
is still unclear. I concentrated on ecological factors, such as the predation risk, and analyzed
whether Lévy walks are preferred, even with the influence of ecological factors. I found
that ecological factors often altered an optimal search strategy from a Lévy walk to a
Brownian walk, depending on the speed of the predator’s movement, the density of the
predators, and the lifecycle of the searcher. I will discuss the relationship between random

search strategies and ecological factors.

Chapter 3: Theoretical analysis and experiment on random avoidance

behavior

Animals often exhibit random spontaneous decision-making patterns in movements (i.e.,
step length or stop/go timing), such as Lévy walks (Viswanathan et al., 2011; Proekt et al.,
2012; Wearmouth et al., 2014). An adaptive aspect of such randomness is the
unpredictability of an individual’s movements so that it cannot be readily anticipated by
other individuals (Domenici et al., 2008; Brembs, 2011). To elucidate the adaptive
unpredictability of random movements, I focused on avoidance behavior for a predator
because most animals are usually exposed to predation risks in nature. In this chapter, I
theoretically analyzed the optimal avoidance strategy and conducted an experiment on
subjects (human beings) that seek and catch an individual evading on a computer screen. |
showed that Lévy walk movement patterns were superior to Brownian movements for
avoiding predators. I discuss the relationship between randomness and the adaptive

predator-avoidance strategy.



Chapter 4: Detecting information transfer in ant society

Collective behaviors in animals’ groups, such as fish schools, bird flocks, and colonies of
social insects, include rapid and accurate decision-making in uncertain environments or
efficient division of labor (Camazine et al., 2003; Sumpter, 2010, Vicsek and Zafeiris,
2012). Although determining how such collective behaviors emerge from local interactions
is important, little is known about the groups that are composed of diverse individuals and
that exhibit complex dynamics (e.g., social insects). In this chapter, I applied a novel
time-series analysis, Convergent Cross Mapping (Sugihara et al., 2012), to quantify and
analyze the local interactions in the movement data of ants of Diacamma sp. The method
showed causality in multivariate time series. Therefore, the interactions between ant
individuals were obtained from the time series. I provided a framework to analyze

collective behavior. I discuss the interaction pattern and information transfer.

Chapter 5: Network structure of the dominance hierarchy of ant workers

Dominance hierarchy in groups of animals has been a central topic in behavioral ecology
for decades (Wilson, 1975; Shizuka and McDonald, 2012). A prevalent theoretical and
statistical method to analyze such data, the tournament, is powerful in analyses of small and
dense groups of animals. However, the detection and quantification of dominance hierarchy
in large groups are difficult mainly due to sparse interactions in the group. In this chapter, I
analyze the aggressive dominance hierarchy that was formed by worker ants in large
directed networks. Although very recent studies have asked similar questions by using a
local analysis method (triad census), analyses of the global network structures of directed
dominance networks have been surprisingly absent in ecology and sociobiology. I
illustrated the observed networks with (approximate) directed acyclic graphs and conducted
further network analysis. I discuss the evolutionary implications of the discovered

properties of dominance networks.

Chapter 6: General discussion



Finally, I summarize the conclusions of the thesis, discuss the movements and interactions

in animals, and describe future studies.



Chapter 2
Lévy walk search strategy under predation
risks

Introduction
How should we move to search for targets when we have no information about their

location? This is called the random search problem, which has attracted the attention of
researchers in various fields (Viswanathan et al., 2011). The problem can be applied to
various phenomena, including molecular-level movements within an organism, cell
movements, movements of an individual animal, and the movement of robots (van Dartel et
al., 2004; van den Broek et al., 2008; Harris et al., 2012). For example, animals search their
environment for food, prey, mates, and nesting locations, and DNA-binding proteins search
for a specific DNA sequence to initiate gene expression. The search strategy has evolved to
be more efficient through the process of natural selection because successful searches
increase fitness, especially at the individual level in animals.

The Lévy walk search (or foraging) hypothesis was proposed to solve the random
search problem (Viswanathan et al., 1999). A Lévy walk is a special class of random walk
models in which the probability function of step length [/ has a power-law tail:

P()~1"™"(1<u<3), where u is a power-law exponent, such that rare ballistic

movements occur among a number of relatively short steps. Comparisons of the efficiency

of random searches showed that a Lévy walk with y =2 was a highly efficient search

strategy in environments where patchy prey were sparsely distributed (Viswanathan et al.,
1999; Bartumeus et al., 2002; Bartumeus et al., 2005; Viswanathan et al., 2011). On the
other hand, Lévy walks had almost the same efficiency as Brownian walks when the targets
were abundant (Bartumeus et al., 2002). Therefore, the Lévy walk foraging hypothesis
predicts that most animals should perform Lévy walks while searching unless there are

abundant targets.



Although many empirical studies have reported that diverse organismal
components and taxa (e.g., T cells, insects, and human beings) perform Lévy walks
(Bartumeus et al., 2003; Reynolds and Frye, 2007; Reynolds et al., 2007; Sims et al., 2008;
Reynolds and Rhodes, 2009; Humphries et al., 2010; Viswanathan et al., 2011; Harris et al.,
2012; Humphries et al., 2012; Raichlen et al., 2014), several recent analyses demonstrated

that some animals had various Lévy exponents u, or they exhibited Brownian walks

(Edwards et al., 2007; Benhamou, 2007; Humphries et al., 2010; Petrovskii et al., 2011;
Horibe, 2011; Humphries et al., 2012). For example, rigorous statistical analyses of deer
and bumblebees failed to provide strong evidence for Lévy walks (Edwards et al., 2007).
Thus, the question changed from whether animals have Lévy walk movement patterns to
when or why animals perform Lévy walks. In general, the diversity of organisms is the
result of varying ecological and environmental factors as well as complex biotic
interactions with conspecific and heterospecific individuals (Wearmouth et al., 2014).
Theoretical reports of random searches have generally focused only on search efficiency to
evaluate the fitness of the searcher (Viswanathan et al., 1999; Bartumeus et al., 2002;
Raposo et al., 2003; Santos et al., 2004; Bartumeus et al., 2005; Bartumeus and Levin,
2008; Reynolds, 2008; Viswanathan et al., 2011). Moreover, most of these studies paid
little attention to other relevant ecological factors such as death rate with predation risk,
interactions with other individuals, and the metabolic costs of foraging. Although a few
theoretical studies have considered such factors (Zollner and Lima, 1999; Faustino et al.,
2007; Reynolds and Bartumeus, 2009; de Jager et al., 2011; de Jager et al., 2014), including
predation risk (Visser, 2007; Reynolds, 2010; Reynolds 2013), the relationships between
these factors are still poorly understood.

Here, I focus on the fact that search efficiency represents the probability of an
encounter with anything existing in the environment. Highly efficient search strategies may
correspond to more frequent encounters with predators, and thus higher death rates.
Therefore, search efficiency, as defined in previous studies, may not reflect the actual
fitness, because fitness is not only determined by the efficiency of searching for targets (i.e.,

benefits), but also by the death rate caused by predation (i.e., cost) (Lima et al., 1985).



Reynolds (2010, 2013) reported that predation risk altered the optimal strategy, but did not
consider predators (Reynolds, 2010) or the fitness of the searcher (Reynolds, 2010). In this
chapter, I explicitly introduce predation risk and life-cycle types to the previous simulations,
and extend the random search scenario to correctly estimate the fitness of a searcher to

determine an animal’s optimal search strategy.

Methods

Basic assumption
First, I considered a searcher performing either the Lévy walk (hereafter, LW) or the

Brownian walk (hereafter, BW) at movement velocity v (=1) in an environment in which

patchy targets were sparsely distributed. Then, N, predators were randomly placed in the

environment. To explore the effect of the predators’ movements, I considered four cases

with respect to the predators’ movement velocity v, : v, =0 (sit-and-wait); v /v, =0.2
(slow); v, /v,=1 (middle); and v /v,=5 (fast). Ifv, >0, I assumed that a predator

performed LW with =2 (or BW in Text S1). For simplicity, I assumed that if the

searcher encountered a predator, the searcher died from predation.
Second, if the death effect arising from encounters with predators was considered,
search time became an important factor because the length of rest during searches was

associated with fitness. Thus, each searcher had a maximum searching time, 7, __, that

max ?

could be cut off by an encounter with a predator.

Finally, when calculating fitness (i.e., lifetime reproductive success), I incorporated the
life-cycle type of the searcher. In the simplest case, finding a target directly led to increased
fitness in a linear fashion (life-cycle type I). For example, when a female parasitoid wasp
finds and attacks a host, and then searches for another target, I presume that its fitness
increases linearly. Furthermore, when a male finds a female and mates, its fitness as a
searcher also increases linearly. In contrast, animals characterized by life-cycle type II

would need to survive until their reproductive stage to obtain higher fitness. In life-cycle



type II, individuals that die from predation prior to maturity have no offspring and have a

fitness of zero.

General relationship between fitness and the rate of encounter with

targets and predators
Here, 1 show the general relationship between fitness and the rate of encounter with
targets and predators as well as the robustness of 7, to my results. I denote the encounter
rate with a predator per unit time A7 as Y. The probability of an encounter with the
predator at the m-th time unit is expressed as

a=-y""r. .1

Therefore, when T, is divided into 7 (i.e., T, =ATn), the mean search time 7 is

T:i{m(l—y)m-'y}m(l—y)" :%, (2.2)

where n(1—7v)" indicates the case in which the searcher never encounters predators. When

the mean number of encounters with predators for n is k, ny=k and (1-y)' =e™*

for Yy <<1 andalarge n,thus

7 nd- e") -

k (2.3)
Life-cycle type I
Here, I assume that an encounter with a target increases the fitness of the searcher by o . I
denote the probability of the searcher encountering the target per unit time by 7. The

mean fitness of the searcher is

amn(1—e™) (24)

= Tz
¢=omn .

Hence, the relative fitness ratio of the Lévy walk to the Brownian walk is

Orw - Nywkgw (1 — e )
(pBW nBWkLW(l —e o )

2.5)
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Thus, this value is independent of the maximum search time 7, = and is determined by the
balance between the mean number of encounters with predators at 7, and the search

efficiency for targets per unit time.

Life-cycle type 11
Next, I consider the case in which finding a target leads to a non-linear increase in fitness

and stock targets until the reproductive stage (here 7, ). Therefore, the expected fitness is
nom(1—y)" =nane* for a large n. The relative fitness ratio of the Lévy walk to the

Brownian walk is

—k
Orw - Mwe ™"

ke *
Opw  Mgwe ™

Thus, this value is also independent of the maximum search time 7 . Unlike type I, in

(2.6)

life-cycle type II, an encounter with targets does not directly impact fitness.

Simulation

I calculated the fitness of LW and BW strategies in the ecological context using computer
simulations because the encounter rate cannot be derived analytically. Using the methods
described previously (Viswanathan et al., 1999; Bartumeus et al., 2005; Benhamou, 2007),
I simulated one searcher roaming in a 2-D environment in which some targets (e.g., food,
hosts, mates) and predators were distributed. Although the species at higher trophic levels
are lower in number in real ecosystems, I introduced only one searcher. This is because I
focused on the fitness of a single searcher, and my main results must be robust if I
introduce a number of searchers. The searcher had no prior information about the locations

of both targets and predators, and wandered at a constant velocity v, =1 (per unit time) in

a 2-D continuous field with length L’ =500x500 in which the boundary condition is
periodic (Bartumeus et al., 2005).

The LW was characterized by a distribution function P(l/)~["“(1<u<3).Inmy

simulations, I derived step lengths from the following equation to obtain LW, generating a

11



uniform random number u (O<u<1):

I=1u", 2.7)
where the minimum step length [, is 1 (Bartumeus et al., 2005). For the BW simulation,

to obtain an exponentially decaying distribution of the move length, each successive step
length was drawn from a Gaussian distribution, where the mean was the minimum step

length /, =1 and the variance was equal to 1 (Bartumeus et al., 2005). In LW or BW,
after walking in a straight-line motion until reaching a step length [ the searcher turns in
the angle drawn from a uniform distribution [-7,7].

I assumed that the dynamics of targets were destructive and that the distribution
of targets was patchy. Non-destructive targets were not used because they were considered
to be unrealistic (Benhamou, 2007; Reynolds, 2010). Alternatively, I used destructive
patchy targets, and set the mean number as 20 since non-destructive targets corresponded to
the limit of patchy destructive targets (Viswanathan et al., 1999). The center of each patch
was random, and the radius of each patch was equal to 10. In my simulation, the centers of

50 patches were spotted randomly, and thus the total number of targets was 1000. R, and

R, represented the radius of the targets and searcher, respectively, and R; and R’

represented the radius of perception of the searcher and predators. If the distance between

the searcher and a target was less than R, + R/ =1, the searcher obtained the target, and the

target disappeared. Then the step length of the searcher is truncated and recalculated, and
the direction is drawn from a uniform distribution. After the searcher migrated a 500 path
length, the depleted target regenerated to maintain the specified target density (Benhamou,
2007). Similarly, the searcher died if the distance between the searcher and a predator was

less than R + R =1. The mean free path A which represents the mean distance or travel

2 .
time between patches or targets, was expressed as L/2 RN for the 2-D environment

(Bartumeus et al., 2005). Hence, in my simulation, A = 2500 and 4 = 125 for

patch target
detection distance R=1. This is equivalent to the low-resource scenario of previous

studies (e.g., Bartumeus and Levin, 2008). The maximum search time 7, was 10*. To

12



converge the results, the total time for a single parameter set (i.e., searcher’s movement
pattern and density of predators) was 107 for sit-and-wait, slow, or middle predator
conditions, and 5x10’ for fast conditions. Then, k,n,y were calculated, and the

relative fitness was obtained using equations (2.5) and (2.6).

Results

The results of the relative fitness (@, /@5y ) calculation for life-cycle type I are presented
in Figure 2-1. When predators were absent (N, = 0), the relative fitness @y, /@yy, was >2.

Thus, LW with intermediate-level (& had the highest fitness, which was consistent with
the findings of previous studies (Viswanathan et al., 1999; Bartumeus et al., 2005).
However, as the number of predators increased, the @, /¢, ratio gradually declined to
~1 or slightly less than 1 when the predator strategy was sit-and-wait or slow LW (Figure
2-1A, B). When the predator strategy was middle or fast LW, ¢, /@, Was maintained at
a high value, and LW could be an efficient strategy (Figure 2-1C, D).

Likewise, in the case of a searcher with life-cycle type II, the relative fitness
@ w /Py decreased substantially as the number of predators increased when the predator
strategy was sit-and-wait or slow LW (Figure 2-2A, B). Even when the strategy of
predators was middle LW, ¢, /¢, decreased as the number of predators increased.
These results were robust to other search strategies (i.e., correlated random walk or
composite Brownian walk) (Figures 2-S1-S4) and to Brownian walk predators (Figure
2-S5). The relative fitness decreased because the searcher was likely to encounter a
predator. The search time was shortened by death in a manner dependent on the search
efficiency, and the relative mean searching time T7,,, /T, depended on the search strategy
(Figure 2-3). These results indicated that the LW strategy could lead to a high

predator-encounter rate; therefore, BW could potentially be a risk-averting strategy.
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To investigate these results, the relationship between the relative fitness and the
encounter rate with targets and predators was examined (Figure 2-4). This result is not
limited to my simulation results or to the relative fitness of LW or BW, but it describes a
general trend. The relative encounter rates with targets and predators and the expected
encounter number of BW for my simulation are presented in Figure 2-5. When the

encounter rate with predators was low (i.e., low kg, ), the fitness of random search

strategies clearly depended on the encounter rate with targets (Figure 2-4A, D). Hence, LW
had higher fitness in my simulation (Figure 2-5A). On the other hand, for intermediate or

high kg, , fitness also changed depending on the encounter rate with predators (Figure

2-4B, C, E, F). Furthermore, fast predators displayed the same high predator encounter

rates of high kg, and YL% =1 (Figure 2-5B, C). Thus, LW had higher fitness under
BW

the fast-predator conditions for life-cycle type I and almost equal fitness for life-cycle type
II. Similarly, the fitness of other random search strategies was determined by the encounter
rate with targets and predators. The degree of encounter rate improvement not only depends
on the search strategy, but also on the distribution or density of the targets (Viswanathan et
al., 1999; Bartumeus et al., 2005), suggesting that the conditions for the optimal search
strategy are complex.

I assumed that the death rate caused by predators was equal to 1. Unlike searches
for food or prey, animals do not search for other predators in a given location after an
encounter with a predator, but instead depart from sit-and-wait predators or hide from
moving predators. Therefore, even if the death rate was <1, the lower density of predators
at death rate =1 could correspond to the same situation. In addition, although I did not
consider the distribution of predators, my results did not qualitatively change depending on
the distribution at a death rate =1. These findings arose from the asymmetrical property of

the encounter rate with benefit and cost factors.
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Discussion

Predators alter optimal searching strategy

My results revealed that the random search strategy affected the death rate arising from
predation, and that trade-offs could occur between foraging efficiency and predation risk. In
nature, animal species have different ecological traits or interactions associated with their
foraging behavior (MacArthur and Pianka, 1966; Charnov, 1976; Lima et al., 1985).
Considering such ecological factors, optimal foraging theory, as it currently exists,
successfully predicts various types of animal behaviors from the viewpoint of maximizing
fitness through natural selection (MacArthur and Pianka, 1966; Charnov, 1976). However
previous studies of random search movements have only focused on foraging (i.e., search
efficiency for targets), which may be unrealistic when considering the diversity of
ecological characteristics and biotic interactions in nature. Lima et al. (1985) reported that
animals performed more efficient strategies in response to ecological factors, including
risks, with such trade-offs. My simulations predicted that where predators were abundant, a
searcher performing a LW might have lower fitness depending on its ecological
characteristics and those of the predators. This suggests that the optimal search strategy
may change. Therefore, the parameter range in which the LW is advantageous may be
narrower than previously estimated (Figure 2-4). The mechanism explaining these
dynamics was that LWs not only increased the encounter rate of targets, but also of
predators, which shortened the lifespan in exchange for the capture of more targets. The
rare ballistic movements of LWs led to the high encounter rate with predators (Figure 2-5C),
and this effect has been reported as a high encounter rate of randomly distributed
destructive targets (Bartumeus et al., 2005). In the presence of predators, a searcher was
confronted with conditions similar to the destructive search problem, because encounters
with predators resulted in the death of the searcher. Although I suppose the ecological
context in this chapter, such searching-avoiding trade-offs in the random search problem
that I revealed here may occur in other contexts such as protein-DNA interactions (van den

Broek et al., 2008; Bénichou et al., 2011).

15



Relation to empirical studies

Many empirical studies have reported that the movement patterns of animals, from insects

to human beings, are expressed as LWs with u =2 (Viswanathan et al., 2011). However,

the power-law exponents fitted to movement patterns sometimes ranged from 2 to 3
(Viswanathan et al., 2011), suggesting that movement patterns may be diverse.
Additionally, the data best fitted to the exponential decay distribution (i.e., BWs) has also
been reported (Edwards et al., 2007; Humphries et al., 2010; Petrovskii et al., 2011;
Humphries et al., 2012; Hays et al., 2012; de Jager et al., 2014). In theoretical studies, the
first attempt reported that LWs with t=2 were optimal for targets that can be revisited
(i.e., non-destructive) or those that are extremely patchy (Viswanathan et al., 1999).
Moreover, LWs with u—1(i.e., straight movement) were the optimum for randomly
distributed destructive targets. After the study, the results of several versions of simulations
suggested that LWs with 1<y <2 are more efficient depending on the prey distribution
and other factors (Raposo et al., 2003; Santos et al., 2004; Reynolds and Bartumeus, 2009).
For the power-law exponent u >3 (i.e., BW), it has been theoretically reported that the

foraging efficiency is similar to LW under high-resource conditions (Bartumeus et al.,
2002). My results suggests that under high predation risk, animals with power-law
exponents close to three have higher fitness than u=2 or u<2 (Figures 2-1, 2), and

those under intermediate predation risk, LW with 2 <y <3 also benefit. Therefore, it can

be an alternative explanation for the diversity of power-law exponents.

Mechanisms for Brownian movement

There is a question of whether Brownian movements in animals are spontaneous patterns
for adaptation or a reflection of interactions with targets or complex environments (de Jager
et al.,, 2014). de Jager et al. experimentally explained Brownian movement patterns of
mussels by truncations resulted from encounters with conspecific individuals, which is the

original mechanism of Einstein’s collision-induced BWs (Einstein, 1905; de Jager et al.,
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2014). In contrast, my findings suggested that spontanecous BWs were beneficial, and this
conclusion is supported by the fact that the pattern can spontaneously change depending on
internal physiological states (Martin et al., 2001; Sorribes et al., 2011). Of course, my
hypothesis does not contradict the claim of de Jager et al., because the spontaneous LW

pattern has higher efficiency in the absence of risk.

Changing search strategy

Furthermore, my results suggest that animals can change their search strategy according to
their developmental stage or in response to predator cues. For example, a juvenile
individual under high predation pressure might adopt the BW strategy to avoid predator
encounters, but an adult might adopt the LW strategy to obtain more targets in the absence
of predators or under low predation pressure. In smaller scale responses, when an
individual receives a chemical cue (kairomone) that indicates the presence of a predator,
switching the internal pattern from LW to BW may represent an adaptive searching strategy,
because the stochastic or random pattern can arise from internal processes (Cole, 1995;
Maye et al., 2007; Sorribes et al., 2011; Proekt et al., 2012). Although such switching
strategies depending on the target distribution have been investigated (Bartumeus et al.,
2003; Humphries et al., 2010; Humphries et al., 2012; Hays et al., 2012; Sims et al., 2012),
the response to predators is less understood (Lenz et al., 2012) and may be a topic for

further study.

Estimation of animal movements

Tracking animal movements over a prolonged period of time (biologging) is a method
developed within the last decade that can lead to the understanding of dynamic phenomena
ranging from the individual level to population and community levels (Rutz and Hays.
2009; Dell et al., 2014). Because the differences in searching strategies influence
diffusiveness and movement patterns of animals, it is crucial to identify the search strategy
that animals adopt in a natural environment. The tracking of animal movements within the

framework of movement ecology requires information on biotic interactions and
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interactions between individual animals (Nathan et al., 2008; Getz and Salts, 2008;
Wittemyer et al., 2008); therefore, the context in my model should be common to various
animal species in nature, because most animals are exposed to predation pressures or to the
risk of death during searching. Likewise, predators may be exposed to the risks of
higher-order predators. For further investigation, it will be interesting to explore the
complex dynamics via the interactions between movement and population dynamics. Thus,
considering that ecological factors can lead to an understanding of the dynamics at various

scales.
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Supporting Information

Analysis of other search strategies under predation risk

I analyzed the fitness of a searcher performing the alternative search strategy correlated
random walk (CRW) and composite Brownian walk (CBW) proposed by previous studies
(Bartumeus et al., 2005; Benhamou, 2007). CRW is positively correlated with previous
direction when the direction changes, and I selected the directional change from a wrapped

Cauchy distribution with shape parameter p (Haefner and Crist, 1994; Zollner and Lima,
1999; Bartumeus et al., 2005). For p=0, CRW corresponds to BW, and CRW becomes a
straight-line movement as p approaches 1. The directional change A6 is drawn from

the following equation

AG=2arctan[[1_—p)tan{n(u—l)ﬂ (2.51)
1+p 2

where U is a uniform random variable from 0 to 1. Each step length between two
successive directional changes is drawn from a normal distribution where the mean value is
the minimum step length 1 and the variance is 1.

The CBW is composed of BW and straight motion. CBW performs a straight
motion until it encounters a target, at which point it changes to BW. Then, CBW returns to
straight motion after moving a certain distance (i.e., giving-up length). Therefore, CBW
exploits targets within a patch and then explores a new patch. Benhamou (2007) reported
that the step length distribution of CBW was similar to that of LW as a result of interaction
with the environment (i.e., targets) and that CBW had high search efficiency.

The other parameters and assumptions for calculating relative fitness of CRW

and CBW, namely ¢y /@y and @y /@y » are the same as those of the LW simulation

in the Main Text. The results are presented in Figures 2-S1-S4. As was the case for LW,
BW outperformed the CRW and CBW when predators were abundant.

LW searcher vs. BW predators
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If BW has higher fitness than LW under predation risk, a predator for a searcher should
also perform the BW. Here, I analyzed the fitness of LW and BW under BW predators
(Figure 2-S5). The simulation method is the same as that under LW predators. A LW
searcher has lower fitness under some BW predators because fast or middle BW with lower
dispersal ability plays a role similar to that of a slow LW predator. This indicates that if the
numbers of a top predator in a food web increase, the presence of that top predator may

affect the strategy of animals in the second and third levels from the top by a cascade effect.
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Figure 2-1. The relative fitness of a Lévy searcher with life-cycle type I changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, = 0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Levy walker (v, /v, =5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the

Lévy index i of the searcher. The total search time is 10’ for sit-and-wait, slow, and

middle predator conditions and 5x 107 for fast predator conditions.
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Figure 2-2. The relative fitness of a Lévy searcher with life-cycle type Il changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, =0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Lévy walker (v, /v, = 5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the

Lévy index 4 of the searcher. The total search time is 10’ for sit-and-wait, slow, and

middle predator conditions and 5x 107 for fast predator conditions.
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Figure 2-3. The relative mean search time changes depending on the density and
velocity of predators.

The strategy of predators is (A) sit-and-wait; (v, =0 ); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Lévy walker (v, /v, = 5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the

Lévy index 4 of the searcher. The total search time is 10’ for sit-and-wait, slow, and

middle predator conditions and 5x 107 for fast predator conditions.
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Figure 2-4. The relationship between relative encounter rates of targets and predators.
Data in (A—C) and (D-F) correspond to life-cycle types I and II, respectively. (A and D)

The lower encounter rate condition, kg, =0.1 (e.g., lower predator density or slower
predators). (B and E) The middle encounter rate condition, kg, =1. (C and F) The higher

encounter rate condition, kg, =10 (e.g., higher predator density or faster predators).
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Figure 2-5. Encounter rates with targets and predators in my simulation setting.
(A) The relative encounter rate to targets increases at an intermediate . (B) The mean
encounter number of a BW searcher (kg ) for 7, . As the number or velocity of

predators increases, the encounter number increases. (C) The relative encounter rate with
predators increases when the movement of a searcher approaches a straight line (i.e.,

smaller u). However, the faster the movement of predators, the lower the rate of increase.

Similar results for N, =30 (left) and N,=120 (right) indicate that the relative

encounter rate does not change at low predator densities (e.g., N, = 10%) in my simulation.
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Figure 2-S1. The relative fitness of a CRW searcher with life-cycle type I changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, =0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Levy walker (v, /v, =5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the

shape parameter p of the searcher. The total search time is 107 for sit-and-wait, slow,

and middle predator conditions and 5x 10" for fast predator conditions.
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Figure 2-S2. The relative fitness of a CRW searcher with life-cycle type II changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, =0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Lévy walker (v, /v, = 5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the

shape parameter p of the searcher. The total search time is 107 for sit-and-wait, slow,

and middle predator conditions and 5x 10" for fast predator conditions.
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Figure 2-S3. The relative fitness of a CBW searcher with life-cycle type I changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, =0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Lévy walker (v, /v, = 5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the
giving-up length of the searcher. The total search time is 10" for sit-and-wait, slow, and

middle predator conditions and 5x 107 for fast predator conditions.
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Figure 2-S4. The relative fitness of a CBW searcher with life-cycle type II changes
depending on the density and velocity of predators.

The strategy of predators is (A) sit-and-wait (v, =0); (B) slow Lévy walker (v, /v, =0.2);
(C) middle Lévy walker (v, /v, =1); and (D) fast Lévy walker (v, /v, = 5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the
giving-up length of the searcher. The total search time is 10" for sit-and-wait, slow, and

middle predator conditions and 5x 107 for fast predator conditions.
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Figure 2-S5. The relative fitness of a LW searcher with life-cycle type I (A—C) and
life-cycle type Il (D-F) in the presence of BW predators changes depending on the
density of predators.

The strategy of predators is (A, D) slow Brownian walker (v, /v, =0.2); (B, E) middle
Brownian walker (v, /v, =1); and (C, F) fast Brownian walker (v, /v, =5). The horizontal
axis represents the number of predators introduced, and the vertical axis represents the
giving-up length of the searcher. The total searching time is 10’ for sit-and-wait, slow,

and middle predator conditions and 5x 10" for fast predator conditions.
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Chapter 3
Theoretical analysis and experiment of
random avoidance behavior

Introduction

Animal behavior often appears to be random and unpredictable to an observer or
experimenter. Even if experimental apparatuses for studying animal behavior or external
stimulus are identical, variability or randomness in behavior can be often observed (Maye
et al., 2007; Domenici et al., 2008; Proekt, 2011). The mechanistic explanation for
variability is that the brain is an input/output system which is capable of initiating
spontaneous actions (Maye et al., 2007; Brembs, 2011; Proekt et al., 2011; Sorribes et al.,
2011; Wearmouth et al., 2014). Hence, it is important to understand the evolutionary
significance of the variation in animal behavior. Some hypotheses have proposed that such
variability is an adaptive trait (Maye et al., 2007; Brembs, 2011). One of the most important
hypotheses states that variability may improve the efficiency of the prey-predator
interactions (Humphries, 1970; Brembs, 2011). If the prey moves in the same manner each
time, the predator can easily predict the movement of the prey. Most organisms are exposed
to predation risk, and they need to exhibit a movement that predator cannot predict easily.
Therefore, the optimal avoidance strategy, which is familiar in behavioral ecology, should
be explained based on its costs and benefits (Krebs and Davies, 1978). The highly variable
behavior of a prey that prevents a predator from predicting its position includes random
movements. A previous study claims that randomness is important when the prey pauses
and then runs away from the predator (Domenici et al., 2008).

Various types of avoiding behaviors from predators have been reported (known
as “Protean behavior”) (Driver and Humphries, 1970). Recent study indicated that the
variability in the direction of movement may be adaptive trait, a response to the predator

that approaches the prey (Domenici et al., 2008). Animal escapology, focusing on how
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animals escape from a threatening stimulus on a short time scale, has been proposed
(reviewed in Domenici et al., 2011a, b). Another important situation in an ecosystem is the
predator’s attack on the moving prey; for example, a bird’s attack on an insect moving on
the ground.

As mentioned in Chapter 2, since the late 1990s, the trajectory of animal
movement has been modeled as a special class of random walk called Lévy walk (LW),
which has been studied as a search behavior in the field of behavioral ecology
(Viswanathan et al., 1999, 2011; Bartumeus et al., 2005; Sims et al., 2008;Humphries et al.,
2010). The power-law distribution, which explains the step length of LW, has been shown
to be relevant in several other situations, such as in the bursty dynamics of human
decision-making (Barabasi, 2005) and in spontaneous activity (Maye et al., 2007; Proekt et
al., 2012; Wearmouth et al., 2014). Therefore, the power law is universal in behaviors,
including movements. However, the adaptive aspects of the power-law behavior
characteristics are less understood, except in the adaptive search behavior.

Clearly, a prey’s movement is crucial in prey-predator interactions because the
prey that keeps pausing at a position becomes an easy target for the predator. It is
considered that there are two cases of prey-predator interactions in which prey moves. The
first case includes a situation in which the predator pursues the prey after the prey-predator
encounter and catches it (Nahin, 2007). In this case, both the predator’s and prey’s
movements are important for successful capture of the prey. The second situation is simpler,
in which the predator predicts the future position of the moving prey and tries to catch it.
To model the second situation, I considered an individual that avoids a predator that can
observe an open arena (Figure 3-1A) and investigate what class of random walk is efficient.
The predator predicts the trajectory of the prey to attack it. In the movements, the most
unpredictable strategy may be Brownian walk (BW) due to frequent changes in direction,
whereas straight walk (SW) is the most easy to predict. However, the straight-like
movements have high diffusivity, which leads to short-time exposure to predation. LW is
an intermediate strategy between BW and SW. I focus on the trade-off between the

unpredictability and the time of exposure to predation risk to analyze the adaptive
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avoidance behavior.

Although unpredictability of the movement in the prey-predator interaction is
crucial, little is known about the optimal strategy used in this interaction. Here, I address
the following questions: (1) What strategy is efficient in avoidance? (2) Why is that
particular strategy efficient? To answer these questions, I constructed a framework of
predator avoidance behavior based on the random-walk paradigm and analyzed the
theoretical model to describe the efficiency of avoidance. To examine the adaptive
avoidance behavior, I conducted an experiment in which a human subject attacks the virtual

prey on a computer screen.

Methods
Models

I considered one prey individual, set at the center of the 2-D circular field with radius R,
and one predator that can observe the entire field. Then, the prey starts to move and
performs one type of random walk (LW or BW) at a constant velocity. I assumed that the
predator perceives the present and past positions of the prey and has to predict the future
position (after time step 7 ) to attack the prey, while the prey cannot obtain any
information about the predator. Once the prey reaches the safety area, the individual is
regarded as having survived (i.e., the absorbing boundary condition).

I denoted the actual position of the prey at time # as P(x,,y,) and the predicted

..»Y...). Because I considered a class of random walk

position by the predator as P, (&

that does not change the probability distribution of step length and direction depending on
position, I simplified the prediction rule and used the following equation, which represents

the prediction by a straight line:

‘)/Et+‘z' T X = X X
= 2 : ¥ (3.1)
Vire \/(Xl _Xl,l) +(y, —yH) Y=Y Y

where (x,_,,y,_,) is the past position of the prey that defines the direction of the movement
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(Figure 3-1B). When the distance between the predicted position ﬁm(fc ) and the

actual position P, (x,.,y,,) is less than the attacking radius r, the predator can capture
the prey.

If the movement of the prey is close to SW the amount of time for reaching the
safety area decreases, but the predator can easily predict the prey’s future position.
Conversely, if the prey often reorients, the amount of time for reaching the safety area
increases, but the predator often fails to predict the prey’s position. Thus, there is a

trade-off in the framework. The survival rate ¢ of a prey is denoted by

p=>1-0)" (3.2)
Where Q is the predictability of movements of the prey by the predators, 7T is the average
time to reach the safety area, and s is the mean attack waiting time of the predator. s
represents the time from the previous attack to the next attack and reflects the characteristic
of the predator, but it does not change the shape of the function ¢ qualitatively. Thus, the
parameters Q and 7 depend only on the strategy of the prey. To simplify the random
avoidance behavior, I assume that reorientation angle is derived from uniform distribution
(- <6 <m) and adopted truncated LW, because by changing one parameter u the
random behavior varies from Brownian-like motion (@ =3) to straight-like motion
(u—1) (Viswanathan et al., 1999) and BW with scaling parameter A. The step length of
BW follows the distribution P(l) ~ Aexp(—Al). When A is small, the movement is close
to a straight motion while keeping the characteristic of BW. The difference between these
two models is whether the distribution of each step length between reorientation is
scale-free or not. Furthermore, I set [ . and [ as the lower and upper cutoff values of
the step length derived from the distribution in order to make step lengths realistic. These
cutoff values were used when fitting the probability distribution by applying rigorous
statistical methods (Humphries et al., 2012; Wearmouth et al., 2014). Thus, QO and T is the
function of u or A, but the explicit expression is limited (Q for r — 1, see Supporting
information).The prediction by a predator is defined to be forecasting the position of the

prey T seconds after observing the position (Figure 3-1B). For example, when the prey
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performs a perfect straight motion, then the prediction probability QO is 1 for any 7. In
contrast, for the movement with randomness, the prediction probability O depends on T
and attacking radius . Under these assumptions, I explored the strategy to maximize the

survival rate using simulations.

Experiments

To elucidate the success rate of the random avoidance behavior for the actual predator, I
generated one virtual prey that performed random walk on a computer screen and could be
attacked using a mouse click by a human subject (student). The subject can perceive the
virtual prey, observe the circular field, and attack (i.e., click) wherever he or she wants in
the field. Initially, the virtual prey stands in the center of the circular field. Then, the prey
performs random walk and is exposed to attacks by the subject. If the distance between the
click position and prey’s position is within the attacking radius 7, the attack is regarded as
success. Otherwise, the attack is treated as a failure. The subject could not attack the prey
0.5 s from the start and after a failed click. This rule prevents the subject from instantly
clicking. When the virtual prey reached the circumference of the field, the prey was
considered to have survived (i.e., reached the safety area). One trial ends with either
successful attack by the subject or successful survival of the prey. The velocity v of the
prey roughly corresponds to 7 in the theoretical model because there is a time difference
between the moment the subject decides to attack and the moment it actually attacks
(clicks). When the prey moves very slowly, the time between making the decision and

clicking is short (i.e., small 7) and vice versa. I set LW (u=1.4)and BW (A=0.05) as

prey’s avoiding strategy because theoretical analysis showed that these parameters
increased the efficiency of each strategy. Ten people (students) over the age of 18
participated as subjects. Each subject conducted 20 trials x three strategies (i.e., LW, BW,
and SW). SW has a random initial direction at the starting point. I defined the survival rate
of the prey's strategy as the success (i.e., survival) frequency of 20 trials. The experiments
were performed using a computer (iMac, 27-inch, 2560 x 1440, Apple Inc., Cupertino, CA,
USA) using a library, OpenGL 2.0 (Khronos Group, Beaverton, OR, USA). To set the same
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conditions as in the theoretical model, the radius of the field where the prey wanders and
the attacking radius were 115 mm and 3.45 mm, respectively, and their ratio was /R = 0.03.

The velocity of the prey was set at 74 mm/s.

Results

First, I calculated the prediction rate of the predator and the time to reach the safety area
using computer simulations. Figure 3-2A and 3-2B show the relationships between the
prediction rate and the avoiding strategy (i.e., exponent u or A) and the time to reach the
safety area and the avoiding strategy, respectively. Each value is an average of 10,000 trials.
As the exponent u or A increases, the prediction rate decreases, indicating that the
movement strategy with large u or A is difficult to predict. This is because LW or BW
with large p or A has frequent reorientations. However, the time to reach the safety area
increases with increasing the exponents, suggesting that there is a trade-off between the
unpredictability and the time of exposure to predation risk.

Next, I observed the survival rate for each strategy using simulations, and the
results of the survival rate for /R = 0.03 are shown in Figure 3-3 (results for r >0 are
presented in Figure 3-S1). For a small prediction time 7, LW strategy has higher survival
rate at intermediate , whereas BW strategy has a lower survival rate than LW. These
results suggest that LW can be an efficient avoiding strategy in the prey-predator
interaction. For a large 7, LW with u=3 (i.e., BW-like strategy) has a higher survival
rate than LW with u <3, and BW is more efficient than LW (i = 3), suggesting that for a
large 7 the strategy with lower prediction rate is more efficient. These trends were
observed for r — 0, hence, they may be considered general trends.

Finally, I observed the survival rate of the virtual prey generated on the computer
screen. The survival rate of the three distinct avoiding strategies (LW with u=1.4, BW
with 1=0.05, and SW) was calculated from the average of 10 subjects and the results are

shown in Figure 3-4. The survival rate of LW was significantly higher than that of BW and
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SW, and the survival rate of SW was significantly higher than that of BW (ANOVA, df = 2,
F = 11.081, p < 0.001, and paired Bonferroni’s multiple comparison test, LW-SW: p <
0.001, LW-BW: p < 0.001, SW-BW: p < 0.05). These results suggest that the LW strategy

has the highest survival rate among the three strategies.

Discussion

In this chapter, I investigated the random avoidance behavior both theoretically and
experimentally in terms of prey-predator interactions. Simulations show that LW could
outcompete BW in survival rate. The experiment using a virtual moving individual on a
computer screen being hunted by a human subject suggests that the LW strategy has a
higher survival rate. The reason for such higher survival rate of LW is that the intermediate
movements between BW and SW can resolve the trade-off between the prediction rate and
the time of exposure to the predator. Although I used humans as predators in the
experiment, prediction of the movement in this experiment may not be specific to humans.
Mammals, birds, and even insects can predict the future state from the present and past
states (Mischiati et al., 2015). Therefore, the framework used here can be applied to various
prey-predator interactions.

Recent long-term observations of animal movements have revealed that the
trajectory often follows a LW pattern (Sims et al., 2008; Humphries et al., 2010;
Viswanathan et al., 2011). From the evolutionary perspective, LW pattern has been
considered to have a higher rate of target encounter (i.e., food, prey, mates) (Viswanathan
et al., 1999, 2011; Humphries et al., 2010), and therefore the LW foraging hypothesis has
been proposed (Viswanathan et al., 1999). However, foraging efficiency is not the only
benefit of LW (de Jager et al., 2011). The variability or randomness and the characteristics
of the spontaneous scale-free movement may not be essential for the foraging behavior
because the combination of exploration of a patch by straight movement and exploitation of
targets within the patch are also efficient (Benhamou, 2007). Therefore, understanding LW
from the evolutionary perspective except search behavior is crucial. Based on the results of

the present study, I propose the LW avoidance hypothesis.
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The relationship between movement patterns of preys such as and decision
making of the predator remains less understood. For predators, in most situations, the
hunting strategy is not just a reflective response to their prey’s movements. The predators,
including vertebrates and invertebrates, can predict the future position of a prey by using
internal models (Mischiati et al., 2015). The evolution of a neural circuit associated with
such a prediction capability may be driven by the randomness of preys.

In my framework, the condition of the environment was limited (i.e., circle).
Although the natural conditions are far more complex, a trade-off between the prediction
rate and the time of exposure to the predation risk must exist. Further studies are needed to
address how the heterogeneity of environment (Getz and Saltz, 2008; Raposo et al., 2011;
Lenz et al., 2012) and the dependency of strategy on the environment affect the
evolutionary consequence of movement patterns. Furthermore, understanding the situation
that predator predicts the prey’s movement and prey predicts the predator’s movement is
challenging. In this way, my results raise open question: how other factors can alter the

optimal avoidance strategy.

Supporting Information

Generating Lévy walk and Brownian walk
LW is characterized by a distribution function P(l)~[*(1 < u <3). In my simulations, the

step lengths were derived from the following equation to obtain LW, generating a uniform

random number u from O<u<1:

[=1_ u"*" (3.81)

min

where [, is the minimum step length (Bartumeus et al., 2005). Furthermore, to exclude

the values that were more than [ instead of using the value that was more than /[

max ? max I

generated a new one.

The step length of BW follows the equation P(/) ~ Aexp(—Al). Each step length

was obtained from:
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z:-%mgrwyum (3.52)

where, u is a uniform random number from 0<u<1.

Analysis of the prediction rate for r—0

I show the case in which the attacking radius 7 is close to 0. The length of a straight line of

LW, [, follows the equation:
P(l)y~1"* (3.83)
where, 1 (1<u<3) is the scaling exponent. I denoted the minimum and maximum step

lengths as [, and [, that serve as the lower and upper cutoff value of distribution,

respectively. The probability density function / (/ , <I<[ )is
P(l
Bl= (3.54)
L P(x)dx

in

When an animal performing LW is observed, the probability that the animal has selected /

1S

P,
pn=-—00__ (3.59)
L _ xP,(x)dx
Moreover, the probability that the rest length is longer than m is
5%@. (3.56)

Therefore, the probability that the predator can forecast the prey’s position T seconds

after observing the prey is

J‘lmax Z_ TP2(l)dl _ J'lmax (lia_ T)f)l (l) dl
© : Lgﬂxmw

] (3.87)
[~ (-

- Zmﬂx —
‘ J xTH D dx

‘min

Finally, the explicit expression of prediction rate is
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when pu#2.
For u=2,Iset h=2-pu,then

h _ 2h h=1 _ qh-1
limQ = lim| ‘=T T~ lr)
h=0 h=0 lmax - lmin (h - 1)(lm'clx - lr;in)
h h h-1 h—-1
LS A N N Gl 9 ML (3.59)
h=0 h max lmin h=0 (h - 1) (lmax - lmin)
_ lOg lmax — lOg T + - lmax 1
log lmax - log lmin lmax log lmax - log lmin

is obtained.
Likewise, the prediction rate for BW, the step length of which follows P(l)=lew
(A>0),is

(AT—A_, —De e

1’-’A"lmin’lmax = - - :
o ) (AL, +1)e  m —(AL +1)e

(3.510)

The time to reach the safety area is calculated by using simulations. The survival
probability is derived from the prediction rate and time. The results are shown in Figure

3-S1.
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Figure 3-1. Avoidance-capture framework.

(A) A predator’s view. One prey wanders in the white area. The gray area is a safety zone.
The lines represent the example of movement path of prey’s strategy (LW: Lévy walk, BW:
Brownian walk, SW: straight walk). (B) The prediction by predator. At time ¢ the predator
predicts the future (time step 7 after) position of the prey. A red circle is a prediction

circle (attacking) with radius  and the center is f’m. If the prey moves within the circle

after time step 7, it is regarded that the predator succeeds in capturing the prey (success
case). When the prey is outside the circle after time step 7, the predator’s attack is

regarded as a failure (failure case).
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Figure 2
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Figure 3-2. The relation between predictability and time of exposure to predation risk.
The horizontal axis is a prey’s strategy parameter of LW (1<u<3) or BW (1>0). (A)
The vertical axis is the predictability and (B) time of exposure to predation risk. The blue
circle and red square represents LW and BW, respectively. The ratio #/R = 0.03. The
cutoffs of step length [ . =1 and [, =100. The prediction time 7 =15. The number of

samples is 100,000.
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Figure 3
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Figure 3-3. The survival rate in simulation.

The horizontal axis is a prey’s strategy parameter of LW (1< <3) or BW (A1 >0) and the

vertical axis is a survival rate of the prey. For the legends, see Fig. 3-2.
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Figure 4
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Figure 3-4. The survival rate in human experiment.
The vertical axis is the survival rate of the virtual prey on computer screen. The ratio 7/R =

0.03. The cutoffs of step length [, =1.15mm and [/ =115mm. The number of

subjects is 10. * p < 0.05. **p < 0.001 (ANOVA, paired Bonferroni’s multiple comparison
test). The error bars represent SEM (n=10).
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Figure S1
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Figure 3-S1. The survival rate in simulation r —0.
The horizontal axis is a prey’s strategy parameter of LW (1< <3) or BW (A1 >0) and the

vertical axis is a survival rate of the prey. The blue circle and red square represents LW and

BW, respectively. The cutoffs of step length [ . =1 and [ = 100. The number of
samples is 100,000.
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Chapter 4
Detecting information transfer in ant society

Introduction

The collective behavior of animal groups, such as flocks of birds, schools of fish, or
colonies of social insects, has been a focus of attention in various fields, including
behavioral ecology, physics, and social science (Camazine et al., 2003; Couzin and Kraus,
2003; Castellano et al., 2009; Sumpter, 2010; Vicsek and Zafeiris, 2012). The sophisticated
regulatory systems observed in these animal groups—information transfer, collective
decision-making, and division of labor—can arise from local interactions whose rules have
evolved through natural selection (Camazine et al., 2003; Couzin and Kraus, 2003; Sumpter,
2010). Therefore, the two central questions are how the individuals interact locally with
other individuals, and how this order emerges at the collective level. Previous studies
conducted on birds and fish have revealed how to transfer information, in addition to
properties of collective behavior such as scale-free correlations (Cavagna et al., 2010; Ward
et al., 2011; Katz et al., 2011; Chen et al., 2012; Tunsrtem et al., 2013). Clearly, in most
situations, the individuals in such groups show strong synchronization, allowing group
members to collectively establish a high degree of order or polarization. On the other hand,
in most situations, the individuals in groups of social insects and mammals are considered
to be a weakly coupled system in terms of dynamics. Here, “weakly coupled” means that
each individual can exhibit spontaneous activities (e.g., solitary foraging patterns, inactivity
patterns) (Viswanathan et al., 2011; Proekt et al., 2012) that are independent of interactions
with other individuals, as well as interact with other individuals. Information transfer in
systems consisting of individuals that undertake both spontaneous and interactive activities
are poorly understood because of the difficulty of detecting individual interactions within
complex group dynamics.

Network analysis is a useful tool for understanding relationships among

interacting elements. Recently, many different networks have been analyzed, from gene
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regulatory networks to the food webs (Milo et al., 2002; May, 2006). The method of
network analysis applied to animal groups is based on the observation of behavior, or the
distance between the positions of a pair of individuals (Flack et al., 2006; Wey et al., 2006).
Recently, these analyses of animal group behavior have revealed the relationship between
spatial patterns and individual interactions (Pinter-Wollman et al., 2011; Mersch et al.,
2013). However, animals often interact through a variety of means, including touch, sound,
visual cues, and chemical cues. When one considers that each individual influences the
others through several simultaneous kinds of interactions, it becomes clear that
distinguishing between these types of interactions is a difficult task. Moreover, interactions
involving visual or chemical cues are difficult to detect by observation alone. When one
considers dynamics of indiviuals, the most significant question is not what types of
interactions are involved, but in what way the individual interactions influence group
behavior (e.g., activity) and aid in the transfer of information. Furthermore, although the
constant probability can be assumed as a degree of the effect in the case of a contact
network (e.g., transmission of pathogen through interactions), the effect of interactions may
be non-linearly dependent on the state of the individual (e.g., activity). Thus, it is crucial to
understand whether the individuals in a group influence other individuals in dynamics. A
time-series must not only include internal dynamics, but also the influence by other
individuals. Therefore, a multivariate time-series is suitable for analyzing the truly
meaningful interactions.

I will analyze the dynamics of activity, and quantify the influence of individual
interactions using time-series data. The conventional method of detecting relationships
using multivariate time-series is the Granger causality test (Granger, 1969). However, this
can only detect causality in linear systems, or in strongly coupled stochastic nonlinear
systems (Granger, 1969). Furthermore, this method detects “Granger causality” rather than
true causality, as the test is based on the accurate estimation of future values. As a result,
spurious correlations can be detected (Granger, 1969). In this chapter, I use a novel method,
convergent cross mapping (CCM), as proposed by Sugihara et al. (2012), to analyze

multivariate time-series. The method is based on the concept of a deterministic dynamical
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system and detects true causality between deterministic multivariate time-series. Using this
method, we can determine who interacts with whom.

For studies of systems in which the individuals are weakly coupled, it is most
appropriate to analyze social insects such as ants and bees. This is because, in most
situations, the behavior of each individual is not completely synchronized with its
neighbors. In addition, sophisticated collective behavior emerges because in these systems,
cooperation arises from a high degree of relatedness, which is not the case with most social
mammals (Wilson, 1975; Goss et al., 1989; Bonabeau et al., 2000; Couzin and Franks,
2003). Finally, both the experiment and its associated observations are easy to conduct
using insects (Dell et al., 2014).

It has been reported that an individual ant exhibits chaotic dynamics, whereas
collective ant activity displays short-term periodicity (Cole, 1991a, b; Boi et al., 1999).
Moreover, phase transition and chaotic dynamics have been reported to occur at the
collective level under external forces (i.e., temperature) (Beekman et al., 2001; Nicolis et
al., 2013). However, only theoretical studies have addressed the question of how these
dynamics arise from local interactions between individuals and the associated mechanisms
of information transfer (Miramontes et al., 1993; Boi et al., 1999; Delgado and Sole, 2000;
Nicolis et al., 2013).

In this chapter, I observe the movements of individual ants placed in a featureless
environment. This was carried out using a tracking technique. Then, I detect the
interactions between individuals using time-series data analyzed via CCM. Thus, I will
provide a framework for the analysis of the collective behavior of weakly coupled animal

groups.

Materials and Methods

Social insects and experimental setups

I used an ant species Diacamma sp. as a social insect. The colonies were collected from
Okinawa, Japan and had been kept in the laboratory for several months before the

experiments. The cultures of ant colonies were under the constant condition of 25°C and
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16L: 8D photoperiod. All ant individuals were colored by different colors to exactly
discriminate each individual when the ant movements were tracked. The five ant
individuals (in detail in the next paragraph) randomly chosen from a colony were
introduced into 90mm X 90mm featureless arena with no environmental changes. There was
an only tube for supplying water to prevent ants from being thirsty at the center of the arena.
The fluorine compound powder (Fluon, Asahi Glass, Japan) that prevents the ants from
climbing was applied to the wall of the arena. There was no cover on the arena for clear
recordings of the ant movements. The light was turned on during the experiments to exactly
track the individuals, and the temperature was kept at 25°C. The six groups as replicates are
derived from different six colonies. I recorded the movies from above (24 hours, 1{ps, 800
X 600 pixels) using a web camera (C920, Logicool, Japan), and automatically tracked the
2-D positions of each individual using a computer (Mac mini core i7, Apple Inc.) and a
homemade code based on a computer vision library, Open CV. The start time of recordings
was within 6 p.m. £lhour. Thus, I obtained the movement data consisting of totally 2.6
million time steps. The example of trajectories is shown in Figure 4-1A.

In social insects, the division of labor can often be accomplished (Wilson, 1995;
Camazine et al., 2003). To elucidate the influence of the caste such as a queen and worker,
in the three groups (A, B, C) of six groups the all five ants were workers, and in the second
three groups (D, E, F) the five ants include a queen and the four workers. The worker

number in this chapter represents the order of eclosion.

Convergent Cross Mapping

The CCM can detect the causality between multivariate time-series (Sugihara et al., 2012).
Consider two time-series X={X(1), X(2),..., X(T)}, Y={¥(1), Y(2),..., Y(T)}. The behavior
of a variable X in a dynamical system includes the information about that of other variables
Y if the causality from Y to X exists. Therefore, plotting the vectors embedded from one
time-series we can reconstruct the attractor with the same characteristics of original one
(Takens’ embedding theorem; Takens, 1981). In the first step, we make two attractors My

and My from X and Y, respectively. Consider making My from X. Set an embedding
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dimension £ and time-delay 7 and then make a vector
x(1)=(X(),X(t—7),X(t—27),.... Xt —(E-1)1)). 4.1)
This represents a point in £ dimensional space and the set of vectors is the reconstructed
attractor My. The distance between the two points means the similarity of time evolution
(E—-1)7. In my analysis, [used E=3 and 7=1.
In CCM, Y is estimated from My and X is estimated from My. The evaluation of
the estimate accuracy provides us the inference of causalities. When one estimates y, from

My, search the E+1 most neighbors of x(¢). These are denoted by x(¢,),x(t,),...,x(t,,,) in
ascending order of the distance between x(¢f) and x(#). Then y, is estimated by using
¥(t),y(,),....y(t:,) in My corresponding to x(t,),x(,),...,x(t,,,). The estimated value

y(t) is calculated as

E+1

3= w, (1) (4.2)

where w,; is a weight determined by

u

wo=—l (4.3)

ti E+1

2 U,
=

Note that u,, =exp{—d[x(t),x(z,)]/d[x(t),x(t)]} and d[x(a),x(b)] is the Euclidean

distance between two vectors.
The y(r) for all time is calculated and the first element Y (r) is the estimated

value of Y(z). Then the correlation coefficient p between actual Y(¢#) and estimated

Y(¢) is calculated and used for the estimate accuracy of mapping.

To distinguish the causal relationship and spurious correlation, observe the
dependencies of the estimate accuracy on the number of vectors L used for reconstruction

of the attractor. When the causality exists, the p increases as the L increasing
(convergence). On the other hand, in the case of the spurious correlation, the p remains

positive but does not change as the L increasing (Sugihara et al., 2012).
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Statistical tests for CCM

When one investigates the causality between two time-series, the statistical test is important

because even if no causality exists, the results of CCM p are likely to have the variation
due to sampling errors, so that one may conclude that the causality exists. Therefore, I
made 100 surrogate time-series x°(¢) under a null hypothesis “no causality” and compared
them with observed original data x(z). In Sugihara et al. (2012), the method preserving

power spectrum (e.g. Fourier Transform, iterative Amplitude Adjusted Fourier Transform)
was used for a surrogate method (Sugihara et al., 2012). However, this method is not
adequate because the surrogate data from this method has no characteristics of nonlinear
systems. Here I adopted the twin surrogate method proposed by Thiel et al. (2006), which
preserving the nonlinearity but having different initial states, so that I can obtain two

time-series with no causality. The algorithm is following. Step 1) I made the vectors x(i)
by embedding an original time-series and calculated recurrence matrix
R,;=0(8 =[x - x(}) (4.4)
for i,j=1,..,N where ©(:) is a heviside function, || - || represents a maximum norm,
and 6 is a threshold. This recurrence matrix has information about original nonlinear
dynamics (Thiel et al., 2004). Step 2) The pair of x(i) and x(j) holding R, =R, for
k=1,...,N 1is called a twin. I found twins for all pairs. Step 3) Select randomly x(i) from
original embedded time-series and set x°(1)=x(i). Step 4) Consider x’(j)=x(m). If
x(m) has no twins then set x°(j+1)=x(m+1). If x(m) has a twin x(n) then set
X(j+D)=x(m+1) or x’(j+1)=x(n+1) with equal probability. When the number of
twins are equal to or more than 2, similarly set x°(j+1) from the candidates with equal
probability.
Iteratively doing step 4 produces the surrogate time-series with the same length as

the original data. It is said that the threshold ¢ ranged from 0.05 to 0.2 is almost robust to
the result (Thiel et al., 2006). Therefore, I used 6 =0.125.
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The sample result is shown in Figure 4-S1. It is consisted of the correlation
coefficient for observed data (solid line), the mean correlation coefficient for surrogate data
(dashed line) and 95% confidence interval (shade). If the observed line increases as L and
exceeds the shade, the causality statistically significantly exists (Figure 4-S1A). Figure
4-S1B represents the result of a pair of time-series with the spurious correlation.

Two graphs are drawn for one paired time-series. If the both graphs suggest the
existence of causality, the causality is bidirectional. If the one graph suggests the existence

of causality, the causality is unidirectional.

Results

I constructed the activity time-series from a position (X(¢),Y(¢)) of each individual. The

activity is defined as

0t(t):\/(X(t)—X(t—1))2 +XY()-Y(-1) . (4.5)
Then I used the time-series collected every minute. The time-series for six groups are
shown in Fig. 4-2 and Fig. 4-S2. Clearly, the dynamics of activities highly fluctuated and
therefore the causality cannot be detected from an apparent observation of time-series. For
the analysis, each time-series was divided into 6 parts in every 240 min (i.e., 1-240,
241-480, 481-720, 721-960, 961-1200, 1201-1440 min), because the rule of information
transfer (i.e., the interaction strength) may change over time.

First, I calculated the auto correlation and cross correlation (Fig. 4-S3-S7). The
auto correlation is defined as the correlation coefficient between a time-series and the
lagged one, and thus gives us the characteristic of periodicity in a single time-series. The
cross correlation provides us the correlation between paired time-series, namely degree of
synchronization between two individuals. Fig. 4-S3-S7 suggests that the activity of most
ants and pairs does not exhibit periodicity and synchronization. However, in some cases,
for example, A 961-1200, the five ants exhibited the relatively strong periodicity of period
about 18 min, which was consistent with short term cycle reported in previous studies (Cole,

1991a; Boi et al., 1999). Then, the relatively high cross correlations were also observed.
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The result of CCM for the 1-240 section in the group A is shown in Fig. 4-2A. In
my experiments, I drew the sP,=20 graphs for the five ant individuals. In the 20 panels, the
result of one directional causality in a pair of individuals is presented from rows to columns.
For example, the panel placed in the first row and fifth column represents the influence
from worker 1 to worker 5. Fig. 4-2A indicates the presence of causalities from worker 2 to
worker 3, from worker 3 to worker 4, from worker 4 to worker 2 and from worker 5 to
worker 1 in spite of low auto correlations and cross correlations.

One causation network can be derived from the results of CCM, shown in Fig.
4-2B. When the both two conditions are hold: (1) the correlation coefficient of the observed
data at maximum library length is higher than 95% confidence interval, (2) the correlation
coefficient at the maximum library length is 0.05 higher than that at the minimum library
length (i.e., condition for convergence), I concluded the presence of causality and drew the
arrow between two individuals whose direction represents the direction of causality. Then, I
observed the time evolution of causation networks by analyzing 6 parts of time-series (Fig.
4-3). This indicates that causation networks can drastically change in course of time. The
results for the other groups are shown in Fig. 4-S3-S7. Totally, 69% pairs have no
interactions, 24% pairs have unidirectional causality and 7% pairs have bidirectional
causality. Although the time-series was divided into 6 parts in every 240 min, the results for
12 parts in every 120 min showed the similar trends (data not shown).

I investigated whether the interactions was associated with the degree of
movement activity or not. It is possible that an individual with high activity is likely to
influence other individuals. The relation between in- or out-degree of causality networks
for all groups and the mean activity is shown in Fig. 4-4A, B. In-degree and out-degree
represents the number of individuals influencing a focal individual and that of individuals a
focal individual influences, respectively. The Pearson’s correlation coefficient between in-
or out-degree and the mean activity is -0.076 and -0.033, respectively. This result suggests
that the interactions were not correlated with the degree of activity (in-degree: p=0.312,
out-degree: p=0.663). Then, in order to investigate the effect of spatial factors of

individuals, I examined the relation between the presence of causality and the mean
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distance between the pair. The mean distance is thought to roughly correspond to the
number of touches. The Fig. 4-4C shows the mean distances of the pairs with no causality,
unidirectional causality or bidirectional causality. The results of statistical test suggested
that the mean distances were not significantly different among three causal relationships
(i.e., no causality, unidirectional causality and bidirectional causality) (ANOVA, F=2.2,
p=0.14), but the difference between no-bidirectional or unidirectional-bidirectional was
marginal (Tukey multiple comparison, no-bidirectional: p=0.072,
unidirectional-bidirectional: p=0.08), suggesting that the mean distance of the pair with
bidirectional causality might be shorter than that of the pair with no causality or
unidirectional causality.

Fig. 4-5 shows the effect of the queen on the mean activity and the mean number
of in- and out-degree of each individual. The mean activity of queen individuals was
significantly higher than that of workers in groups without queen (group A-C) (ANOVA;
F=4.22, p=0.03, and Tukey multiple comparison for queen-worker (A-C); p=0.02).
Likewise, I compared the in- and out-degree of the individuals in the network. Fig. 4-5B
indicates that the number of in-degree was significantly different among workers in A-C,
workers in D-F and queen (Kruskul-Wallis test; p=0.04). The result of multiple
comparisons suggests no significant differences, but the difference of workers in A-C and
D-F was marginal (Scheffes’ multiple comparison; p=0.07). In Fig. 4-5C the out-degree of
worker in A-C was significantly different from that of queen (Kruskul-Wallis test; p<0.01
and Scheffes’ multiple comparison; p=0.02).

Discussions

In this chapter, I observed the activity of each ant individual in a group using a tracking
technic and detected the causality (i.e., information transfer) in a weakly coupled system
from the time-series by a novel time-series analysis, CCM which is based on the dynamical
system and provides us the causality between paired individuals. The observed activities
include the complex dynamics (Fig. 4-1 and Fig. 4-S2) in spite of no environmental

changes, and most of that have low degree of periodicity and synchronization (Fig.
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4-S3-S7). However, the result of CCM suggests that the causality in some pairs exist (Fig.
4-2, Fig. 4-3 and Fig. 4-S8-12). This is consistent with the fact that the ant individual
exhibits chaotic dynamics and the ant colony is a non-linear system consisted of the
coupled elements with chaotic dynamics (Cole, 1991). Thus, we can detect the true
consequence of interactions from the multivariate time-series.

The directed networks representing causality can be drawn from the result of
CCM. The network structures indicate who influenced whom. The observed networks have
some bidirectional interactions and cycles (Fig. 4-3, 4-S8-S12). Therefore, they did not
have hierarchy structures observed in my previous study of dominance networks in
Diacamma sp. (Shimoji et al., 2014). The direction of information transfer observed in the
present chapter would not be associated with the rank of individuals. Although the
leadership in a group has been observed in several taxa (e.g., birds and mammals) and often
plays an important role in collective decision-making (Couzin et al., 2006; Nagy et al.,
2010), there was not the obvious leader in my ant groups. Even queen individuals can
influence workers and vice versa. However, the queen could suppress the interaction (Fig.
4-5). Moreover, the result of each part of time-series suggests that the interaction strengths
and the density of networks were not fixed but changed over time (Fig. 4-3 and Fig.
4-S8-S12). My experimental conditions included no stimuli and environmental changes,
and thus the change in interaction strength is considered to be spontaneous. The number of
interactions (i.e., in- or out-degree) was independent of its activity (Fig. 4-4A, B). This does
not support a hypothesis that individuals with high activity are likely to affect other
individuals. Furthermore, the interaction strength was independent on the distance between
ant individuals (Fig. 4-4C). This result may reflect the interactions based on chemical or
visual stimuli, and thus this relationship among individuals cannot be detected from the
observation of touch interactions or the distance of individuals that were used for definition
of interactions in the previous studies (Blonder and Dornhaus, 2011; Pinter-Wollman et al.,
2011; Water and Fewell, 2012; Mersch et al., 2013).

In the present study, I observed the ants’ activity without environmental changes

and tasks, namely default states. The future topics include revealing the effect of the
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stimulus and environmental changes on the information transfer and investigating how the
network structures and fluctuating activity in the default state can lead to adaptive
biological systems (Hidalgo et al., 2014). The weakly coupled system is likely to exhibit
chaotic dynamics unlike strongly coupled system. It is worth noting that some theoretical
studies reveal such systems can exhibit intriguing phenomena like clustering of
synchronization, itinerancy of quasi-attractors and tuning to external force (Kaneko, 1990;
Nicolis et al., 2013).

I propose the framework to analyze the collective behavior in weakly coupling
animal groups. This method can also be applied for other dynamics in animal collective
behavior such as luminescent in firefly and vocalization in mammals (Strogatz and Stewart,
1993; Takahashi et al., 2013). As for movements, most animals have spontaneous activity
whose timing is often considered to follow a distribution with power-law tail (Proekt et al.,
2012; Viswanathan et al., 2011; Maye et al., 2007). Spontaneous activity can influence
interaction pattern and vice versa. Therefore, when one understand the collective behavior,
it would be crucial to consider both such spontaneous activity in each individual and

interactions with other individuals.
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Figure 4-1. Examples of the trajectory of ant movements and time-series of activity.

(A) The five lines are the trajectories of five ant individuals obtained by tracking the
movements. Each color of lines corresponds to each individual. The horizontal axis and the
other two axes represent time and spatial positions, respectively. (B) The horizontal and
vertical axes are time (min) and activity (mm) per a minute, respectively. Each color
corresponds to each individual and is identical with one used in movement trajectories. The

other five time-series for B-F are shown in Fig. 4-S2.
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Figure 4-2. Examples of a result of CCM and a causality network.

(A) The result of CCM for five ant workers (group A, 1-240 min) (The details of graphs are
written in the text and the example of interpretation for the graph is shown in Fig. 4-S1).
This indicates the existence of causality from worker 2 to worker 3, from worker 3 to
worker 4, from worker 4 to worker 2 and from worker 5 to worker 1. (B) The causality
network obtained from the result of CCM. A node and edge with a direction represent an
individual and causality between nodes, respectively. The characters in a node mean the

name of an ant individual. For instance, W1 means worker 1.
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Figure 4-3. The time evolution of causality network.
The six causality networks of five workers (group A). The number over each network

indicates the time used for CCM.
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Figure 4-4. The effects of activity and distance on causality.

(A, B) The relation between in- or out-degree and mean activity. The mean activity was not
different depending on in-degree or out-degree (correlation coefficient=-0.076 and -0.033,
p=0.31 and 0.66, respectively). (C) The relation between causality and distance between a
pair of ant individuals. The nodes and edges under bar graphs illustrate no causality,
unidirectional causality and bidirectional causality. The statistical test suggested that the
mean distances were not significantly different among the kinds of causality (ANOVA,
F=2.2, p=0.14). Multiple comparisons also provided no significance, but the mean distance
of the pair with bidirectional causality might be shorter than that of the pair with no
causality or unidirectional causality (Tukey multiple comparison, bidirection-no: p=0.072,

bidirection-unidirection: p=0.08). Error bars are standard errors.
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Figure 4-5. The effect of the presence of queen on activity and degree of interaction.

The workers in group A-C had no chance of interaction with queen (n=15). The workers in
group D-F were under the presence of queen (n=12). The replication number of queen is
three. The asterisk represents p<0.05. Error bars are standard error. (A) Mean activity of
worker in A-C, worker in D-F and queen. The mean activity of worker in A-C and queen
was significantly different (Tukey multiple comparison). (B, C) Mean in- and out-degree of
worker in A-C, worker in D-F and queen. The mean out-degree of worker in A-C and

queen was significantly different (Scheffes’ multiple comparison).
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Figure 4-S1. The example of results of CCM

The horizontal axis is the length of library L used for reconstruction of attractor. The
vertical axis is the correlation coefficient between predicted and actual value that is
assumed as the cause. The solid line is the result of observed value and the dashed line is
the mean value of results for 100 surrogate data. The shade represents the one-tailed 95%
confidence interval. (A) This is the case of existence of causality, so that the correlation
coefficient increases as L increasing and the observed value goes beyond the shade. (B) The

case of spurious correlation. The positive correlation coefficient remains constant.
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Figure 4-S2. The time-series of ant’s activity for each group.
The time-series of activities of groups B-F are shown. Each color corresponds to each ant
individual. In groups D-F, the activity of queen is represented as a red line. The activity of

group A is shown in Fig. 4-1A.
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Figures 4-S3-S4. The autocorrelation of ant’s activity.

The horizontal axis represents the time lag (min) and the vertical axis means
autocorrelation. The character and number in each graph means the group name and time
used for calculation of autocorrelation. The solid lines indicate the autocorrelation for each
ant and the black dashed line represents the autocorrelation of total activity (i.e., sum of
activity of five ant individuals). The autocorrelation of most time-series rapidly declines as

the time lag increasing.
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Figures 4-S5-S7. The crosscorrelation of ant’s acitivities.

The horizontal axis represents the time lag (min) between a pair of time-series and the
vertical axis means cross-correlation. The blue dashed line represents 95% confidence
interval. The character and number over graphs means the group name and time used for

analysis. The characters in each graph represent the pair of individuals.
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Figures 4-S8-S12. The time evolution of causality networks.
The causality networks of group B-F are derived from results of CCM. The number over a
network means the time used for CCM. The characters in a node mean the name of an ant

individual. For instance, W1 and Q mean worker 1 and queen, respectively.
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Chapter 5
Network structure of dominance hierarchy of
ant workers

Introduction

Dominance interaction such as aggressive physical interaction and ritualized
displays between dominant (i.e., high-ranked in the hierarchy) and subordinate (i.e.,
low-ranked) individuals is widespread in animals. Dominance hierarchies are a regulatory
mechanism of the social system and observed in a wide range of taxa from vertebrates to
invertebrates (Wilson, 1975; Drews, 1993; Keller and Reeve, 1999; Earley and Dugatkin,
2010). Dominant individuals would have a high chance to access to resources and can
enhance their fitness, whereas subordinates have a small chance of resource acquisition and
as a result in some taxa undertake a role of helper that does not reproduce (Queller et al.,
2000; Clutton-Brock et al., 2001).

Eusocial insects characterized by reproductive division of labor provide
opportunities for studying complex social organisations (Wilson, 1975; Gadau and Fewell,
2009; Bourke, 2011). In many eusocial Hymenoptera (e.g., ants, honey bees, and wasps),
workers cannot mate but do produce males through arrhenotokous parthenogenesis. Kin
selection theory suggests that colony members are in conflict over male production because
a worker gains genetic benefit by rearing her own sons (Hamilton, 1964a; Hamilton, 1964b;
Ratnieks, 1988). At the same time, worker reproduction is costly to a colony because
reproductive workers allocate their workforces to personal reproduction rather than to
household chores for maintaining the colony (Cole, 1986; Tsuji et al. 2012) (see also
Bourke, 2011). In fact, most workers facing this conflict remain sterile. Dominance
interaction is also found in various species of ants and regulates worker reproduction (Cole,
1986; Bourke and Franks, 1995; Heinze et al., 1997; Monnin and Peeters, 1999; Gobin and
Ito, 2003).
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A prevalent theoretical approach to dominance hierarchy is to rank individuals
in a group on the basis of observed dyadic interactions. By inferring the direction of
missing interactions between pairs of individuals if necessary, one can construct a so-called
tournament, which is an assignment of directed links to all pairs of individuals (Appleby,
1983; de Vries, 1995). If cyclic dominance relationship (e.g., rock-scissors-paper
relationship among three individuals) is absent, the linear ordering uniquely exists such that
a dominant individual always has a higher rank than the subordinate individual in any pair
(Chase, 1982; Shizuka and McDonald, 2012). The degree of linear hierarchy is related to
relative abilities of individuals in controlling resources such as mates and food (Earley and
Dugatkin, 2010) and to group stability (Monnin and Ratnieks, 1999; Lindquist and Chase,
2009).

However, linear hierarchy is commonly violated in large groups of animals in
various species (Chase, 1980; Chase, 1982; de Vries, 1995; Shizuka and McDonald, 2012;
McDonald and Shizuka, 2013). In particular, pair-flips, i.e., bidirectional links (Lindquist
and Chase, 2009), and intransitive triads represented by the rock-scissors-paper relationship
(Shizuka and McDonald, 2012; Chase, 1980; McDonald and Shizuka, 2013) are basic
building blocks that make dominance networks not linear. The loss of linearity is intuitive
given that an individual would not be able to recognize all peers and many individuals
would have similar strengths in a large group.

In the present study, I observe aggressive behavior among workers of an ant
species Diacamma sp. on a large scale (i.e., 58—214 workers). I show that the observed
dominance networks are directed acyclic graphs (DAGs) or approximately DAGs such that
they are consistent with (almost) perfect linear hierarchy, despite the relatively large group
sizes. Furthermore, using network analysis tools specialized for directed networks,
particularly those recently developed for DAGs, 1 analyze rank-dependent aggression
behavior of individuals and randomness inherent in global structure of the observed

networks.

Materials and methods

77



Ant species

Diacamma sp. is a ponerine species. In Japan, this is the only species of the
genus Diacamma. Colonies are monogynous containing at most one functional queen in
each colony together with 20-300 workers (Kikuchi et al., 2008). Precisely speaking,
queens of this species are called gamergates, i.e., mated reproductive workers (Peeters and
Crewe, 1984), because unlike many other ants the role differentiation between queens and
workers in this species occurs not through the larval development but via the specialized
social manipulation after the adult eclosion called the gemmae mutilation (Fukumoto et al.,
1989). In the current study, I use the terms queen and worker for simplicity. The queen
monopolizes the production of female offspring. Workers, i.e., those whose gemmae are
mutilated, cannot mate but retain the ability to produce male-destined haploid eggs.
Aggressive behaviors are frequently observed among workers when the queen is absent or
the colony is large (Kikuchi et al., 2008; Peeters and Tsuji, 1993). Such behavior is
considered to reflect competition over direct male production, because the dominant
workers, usually the most dominant one, actually lay eggs even in the presence of the queen
especially in large colonies (Kikuchi et al., 2008; Nakata and Tsuji, 1996). The queen never
participates in dominance hierarchy.

There is another type of aggressive interaction among nestmate workers in this
species, i.e., worker policing (Kawabata and Tsuji, 2005). Worker policing is behaviorally
distinct from aggressive behavior underlying dominance hierarchy. In worker policing,
multiple individuals simultaneously attack one victim to immobilize it. In contrast,
aggression takes the form of one-on-one interaction, i.e., biting and jerking (Peeters and
Tsuji, 1993), which has led me to study the dominance hierarchy by network analysis tools;
a network is by definition composed of a collection of pairwise interactions.

I collected six colonies of Diacamma sp. in peninsula Motobu, northern part of
the main island of Okinawa, in March-May 2011 and in August 2012. Each colony
contained a queen and 58—214 workers. I individually marked all the adult ants by enamel
markers. Then, I housed each colony in “double container” artificial nests (Kikuchi et al.,

2008), which comprised a small plastic container (10 cm X 10 cm X 2.5 cm high) serving as
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a breeding chamber. The container was located in the centre of a larger container (15 cm X
21 cm X 13.5 cm high). The colonies had been maintained in the laboratory (25 £ 1 °C, 14
L: 10 D cycle) for two to three months before the observation began. The workers were fed
ad libitum on honey worms (caterpillars of Galleria mellonella) and water placed outside
the smaller container. It should be noted that I recorded aggressive behavior among workers

in the presence of the queen in each colony.

Recording aggressive behavior

I recorded all aggressive behavior events between all pairs of workers in each
colony for 300 min per day for consecutive four days using a digital video camera
(HDR-CX700V, Sony, Japan). The aggressive interaction was defined as bite and jerk
(Peeters and Tsuji, 1993). I counted the number of aggressive interactions between each
pair of workers and constructed a directed social network for each colony. The nodes are
workers. A directed link represents a pair of workers that have interacted at least once and

emanates from the attacking worker to the attacked worker.

Triangle transitivity metric

Due to high sparseness of the recorded networks (see Results), I should resort to
a measurement different from well-known indices such as Landau's # and Kendall's K to
quantify linearity (i.e., orderliness) of a dominance network. To this end, I calculate the
triangle transitivity metric (Shizuka and McDonald, 2012). The triangle transitivity is
defined as a normalized value of the number of transitive triads (A attacks B, A attacks C,
and B attacks C) divided by the sum of the number of transitive triads and that of cycles (A
attacks B, B attacks C, and C attacks A). See Electronic Supplementary Material for the

mathematical definition.
Generation of thinned linear tournaments

I generate a thinned linear tournament possessing N nodes and |E| expected

number of links, which is used as a null model for probing structure of observed networks,
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as follows (equivalent to the cascade model used in food web research (Cohen and
Newman, 1985)). Consider the linear tournament with N nodes, in which all pairs of
individuals interact (i.e., complete graph) and perfectly ranked in the sense that the
higher-ranked individual dominates the lower-ranked individual in any pair (Wilson, 1975;
Haray and Moser, 1966). Then, I independently retain each of the N(N—1)/2 directed links
with probability p. Otherwise, I remove the link. I call the generated network a thinned
linear tournament. I set
2|E|

P=m (5.1

such that the expected number of the links in the generated network is equal to |E].

Cv

The in-degree of a worker is defined as the number of directed links incoming to
the worker, i.e., number of workers that attack the focal worker. The out-degree of a worker
is defined as the number of directed links outgoing from the worker, i.e., number of
workers that the focal worker attacks. If I convert the bidirectional links to unidirectional
links by discarding one of the two directions whose link weight is smaller than the other
(Electronic Supplementary Material, section S.4), the out-degree is identical to the Netto
dominance index (Hemelrijk et al., 2005).

To quantify the heterogeneity in the in- and out-degree, I measure the coefficient
of variation (CV), i.e., the ratio of the standard deviation of in- or out-degree to the mean. If
all workers have the same degree, CV is equal to zero. The exponential degree distribution
yields CV equal to unity. A CV value much larger than unity implies that the distribution is
heavily tailed.

CV for the thinned linear tournament
In the thinned linear tournament, the probability that the worker with rank &

(1<k<N) hasin-degree d" (0<d™ <k-1) is given by
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(k—=1)!

P(d" k)= — :
d"\(k—1-d™)!

p" (1= p) . (5.2)

Therefore, the in-degree distribution not conditioned by the rank is given by

. 1] & A
Pd™=— Y P(d" k)
N 2 (5.3)
Lo k=D e e '
- Nkzdzm‘+1di"!(k—1—di")!p 1=p
Similarly, the conditional and unconditional distributions of the out-degree
d™ (0<d™ <N-k) are given by
t (N_ k)! a4 N—k—dut
Pd™ k)= 1- 5.4
( ) N —k—a™P (1=p) (5.4)
and
1 N—d"
Pd™)=— " P@"1k)
N 3
N_do‘n - ' out out
:i z - (N k) t pd (l_p)N—k—d
N & d™ (N —k-d®)
1 -1 (5.5)
=~ 2 e
N =, d" (K'=1-d"")!

respectively. Because the unconditional in- and out-degree distributions are the same, the

expected in-degree and out-degree are given by

Ed™)=E@™)=Y apd)="L 21)” (5.6)

d=0
The variance of the in- and out-degree is given by

{_(N;l)pT:<N—1)p[(N—5>p+6]‘ 5.7)

V(d")=V(d™)= EP(d) d =

By combining equations (1), (6), and (7), I obtain the CV for the thinned linear tournament

as follows:
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oy V@ v _ \/|E| (N—-5)+3N(N-1) (58)

Ed™)  E@™) 3|E[(N-1)

Bottom-up leaf-removal algorithm and ranking of workers

I determine the ranks of nodes (i.e., workers) in a DAG using the so-called
bottom-up leaf-removal algorithm (Eades et al., 1993; Ma et al., 2004) as follows (see
Figure 5-S1 for a schematic). First, I remove the nodes without outgoing links. The set of
the removed nodes is denoted by ). I also remove the incoming links incident to the
removed nodes. Second, I remove the nodes without outgoing links in the remaining
network and the incoming links incident to these nodes. The set of the nodes removed in
the second round is denoted by W,. I repeat the same procedure until all the nodes are
removed. The set of the nodes removed in the i-th round is denoted by .. Now, a given
DAG is assigned with a layer structure { Wy, Wa, ..., W}, where L is the number of layers.

The rank of a node belonging to layer W; is given by L—i+1. The most and least
dominant nodes possess ranks 1 and L, respectively. By construction, any directed link
emanates from a worker with the higher rank to a worker with the lower rank. Multiple
nodes may possess the same rank value. There is no link between nodes with the same rank

(equivalently, nodes in the same layer).

Generation of random DAGs

I generate random DAGs that possess the same in-degree and out-degree of each
node and the same distribution of the connected component size as those of the observed
networks. The random DAGs are also used as null models for probing structure of observed
networks. To generate networks, I use a previously proposed rewiring method (method ¢ in
Goii et al. (2010)).

The rewiring process begins by applying the bottom-up leaf-removal algorithm

to an observed network. Then, I randomly order the N nodes in the network under the
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condition that a node with a higher rank (i.e., smaller rank value) appears earlier. This is
tantamount to randomly ordering the nodes within each layer and align them from the last
(i.e., L-th) to the first layer. Then, I select a directed link £ — j (i.e., directed link from the
k-th node to the j-th node) with the equal probability and then randomly select two nodes i
and ¢ such that (i) links i — k and £ — j exist or (ii) links £ — 7 and j — ¢ exist. If condition
(1) holds true, £ — k does not exist, i — j does not exist, £ < k and i <, then I replace i — k
and £ — j by £ — k and i — j, respectively. If condition (ii) holds true, k£ — ¢ does not exist,
j — i does not exist, k < £ and j < i, [ replace k > iandj — £ by k — £ and j — i,
respectively. If any of these conditions is not satisfied, I repeat the same procedure with a
different directed link & — j until a successful rewiring event occurs. Once I have rewired
two links, I carry out the entire procedure starting from the leave-removal algorithm and
iterate it until a desired number of links is rewired.

I verified that the generated DAG was random enough by measuring the

so-called dissimilarity (Goii et al., 2010) (Supplementary Material).

Out-strength

The out-strength of a worker is defined as the sum of the weights of the links
outgoing from the worker. It corresponds to the number of aggression behavior that the
worker has exerted on other workers and is identical to the AttFr dominance index

(Hemelrijk et al., 2005).

Reversibility

The reversibility from non-maximal nodes (i.e., workers) to maximal nodes,
denoted by H, quantifies the variety of paths in the DAG (Corominas-Murtra et al., 2010).
In a DAG, the maximal node is defined as the most dominant node, i.e., a node without
incoming link. The H value is the average amount of information necessary for reversely
traveling from non-maximal to maximal nodes (see Supplementary Material for definition).
If H is equal to zero, the network is a (heterogeneous) directed tree, including the case of

the directed chain, such that any subordinate worker is attacked by just one worker. A large
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H value indicates that subordinate workers would often receive multiple incoming links and
there tend to be various reversed pathways to reach one of the most dominant workers from

a subordinate worker. The reversibility is a quantity exclusively defined for DAGs.

Hierarchy index

The hierarchy index denoted by v ranges between —1 and 1 and quantifies the
extent to which the network has pyramidal structure and reversibility of paths
(Corominas-Murtra et al., 2011) (see Supplementary Material for definition). A network
with v =1 is perfect (possibly heterogeneous) tree such that all nodes except a single root
node have in-degree unity and all nodes except leaves, which possess out-degree zero, have
out-degree at least two. In addition, the distance from the unique root node to any leaf node
is the same. The network with v =—1 is an inverted (possibly heterogeneous) tree such that
all nodes except a single leaf has out-degree unity and all nodes except roots, which possess
in-degree zero, have in-degree at least two. In addition, the distance from any root to the
unique leaf is the same. Networks having v values close to zero are considered to lack
hierarchical structure in both downward and upward directions. The hierarchical index is

also a quantity exclusively defined for DAGs.

Global reaching centrality
The global reaching centrality GRC is defined as follows (Mones et al., 2012).
The local reaching centrality of node i, denoted by C,(i), is defined as the proportion of
the other nodes reachable from node i by following outgoing links. On the basis of C,(i),
I define
N
[ = Cyi]

GRC ==L , (5.9
N-1

where Cp™ is the maximum of C,(i) (1<i<N). GRC ranges between 0 and 1. It is an

indicator similar to the CV in the meaning that it quantifies the heterogeneity of the

out-degree. However, GRC also quantifies the level of hierarchy in a network. A large GRC
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value indicates that directed paths starting from a small fraction of nodes reach a majority
of nodes such that the network has strong hierarchical structure. In particular, if the GRC
value is equal to unity, the network is the directed outward star, in which a single hub sends
a directed link to every other node. The GRC is a quantity defined for general directed
networks including DAGs.

Network motif

Network motifs are overrepresented small subgraphs in a given network (Milo et
al., 2002). Out of the 13 possible directed and weakly connected three-node patterns, only
four patterns (motifs 1, 2, 4, and 5 as defined in Milo et al. (2002)) are possible in a DAG.
It should be noted that here I are not concerned with the frequency of intransitive triads
such as bidirectional links (Lindquist and Chase, 2009) and cycles (Shizuka and McDonald,
2012; Chase, 1980; McDonald and Shizuka, 2013) because my observed networks are
(approximately) DAGs (see Results), which are devoid of intransitive triads. I calculate the
number of each of the four three-node patterns in the observed networks, thinned linear
tournaments, and randomized DAGs. I perform the motif analysis using the igraph package

implemented in R.

Z score

To assess the significance of the quantities measured for the observed networks,
such as GRC, 1 compare them with those calculated for null model networks, which are
either thinned linear tournaments or random DAGs. To this end, I calculate the Z score, i.e.,
the distance between, for example, the GRC value for the observed network and the mean
of GRC for the null model divided by the standard deviation of GRC for the null model.
The mean and standard deviation for the null model are calculated on the basis of 10°
realisations of the null model. A large absolute value of the Z score implies that the
observed network deviates from the null model in terms of the examined variable, e.g.,

GRC. The Z score is conventionally used in the motif analysis (Milo et al., 2002).
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Results

Observed dominance networks are perfect or approximate DAGs

I observed dominance networks from six colonies. A directed link was assumed
between two ants if aggressive behavior between them was observed at least once during
the recording period. I also counted the number of aggression in each interacting pair. In
the following, I focus on the largest weakly connected component (i.e., connected
component when the direction of the links is ignored) of each colony, which I refer to as the
dominance network. In fact, the second largest weakly connected component in each
colony contained at most two workers, such that it was negligible. The statistics of the six
dominance networks is summarized in Table 5-1. Further statistics of the networks
(modified Landau’s % index (de Vries, 1995), triangle transitivity metric (Shizuka and
McDonald, 2012), and total number of observed interactions) is shown in Table 5-S1. The
dominance network contained 24-38% of workers in each colony. The full information
about the structure of the six networks and network-related properties of workers used in
the following analysis are available as Electronic Supplementary Material.

I mainly analyzed the unweighted directed network (where the number of attacks
on each link was reduced to unity). All observed dominance networks apparently had
hierarchical structure as shown in Fig. 5-1. They were sparse networks, i.e., only
approximately 10% of pairs of workers among the possible pairs interacted, yielding large
sparseness values (Table 5-1; the definition of sparseness is given in the table’s caption).
The triangle transitivity, a measurement of linearity suitable for sparse networks, was equal
to unity for five of the six observed networks; they have perfect transitivity. It was equal to
0.96 for the other network (i.e., colony C5).

In fact, the five dominance networks were DAGs. Colony C5 was almost a DAG
in the sense that it was a DAG if I removed two bidirectional links (Table 5-1; red thick
lines in Figure 5-1(e)). Even this colony did not have any directed cycle of length larger
than two, which contrasted to the results of previous studies showing the presence of some

cycles in various dominance networks (Shizuka and McDonald, 2012; Chase, 1980;
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McDonald and Shizuka, 2013).

Purely random sampling of links from a linear tournament does not

explain observed dominance networks

The complementary cumulative distribution of the in-degree (number of other
workers that attack a given worker) and that of the out-degree (number of other workers
that a worker attacks) are shown in Figure 5-2 (non-cumulative distributions are shown in
Figure 5-S3). For all colonies, both in-degree and out-degree were inhomogeneous among
workers.

To quantify the heterogeneity in the degree, I measured its CV. I found that the
CV values for the in-degree distribution for the observed dominance networks were much
smaller than unity (Table 5-1); the in-degree was rather homogeneously distributed. In fact,
most workers were attacked by just one or two other workers. In contrast, the CV for the
out-degree distribution was much larger than unity in all colonies (Table 5-1). This result
implies that some workers have dominated many others, and many workers have dominated
few others. The results did not noticeably change upon the removal of the bidirectional
links from C5 to make it a DAG (CV = 0.60 and 2.31 for the in- and out-degree,
respectively).

Every DAG is consistent with the linear tournament, in which all pairs of
individuals interact and are perfectly ranked such that the higher-ranked individual
dominates the lower-ranked individual in any pair (Haray and Moser, 1966; Wilson, 1975).
However, the observed networks were sparse (i.e., small average degree and large
sparseness; see Table 5-1). Therefore, I compared each observed networks with thinned
linear tournaments having the same number of nodes and the same expected number of
directed links as the observed network.

The CV value for both in-degree and out-degree predicted from the thinned
linear tournament (Eq. (5.8)) was equal to 0.98 for C1, 0.93 for C2, 0.81 for C3, 0.87 for
C4, 0.85 for C5, and 0.88 for C6. In short, the thinned linear tournament yielded CV values

slightly smaller than unity. These CV values were consistently larger than those for the
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in-degree and much smaller than those for the out-degree for the observed networks.
Therefore, the thinned linear tournament does not explain the observed dominance

networks in terms of the CV.

Origin of the heterogeneity in the frequency of aggression behavior

To further understand the origin of the heterogeneity of the out-degree, I
classified the workers according to their ranks (determined by the bottom-up leaf-removal
algorithm) in the hierarchy and calculated the mean out-degree of the workers having the
same rank. In general, multiple workers may possess the same rank. Because this algorithm
as well as the reversibility and hierarchy index analyzed in the next section is exclusively
applicable to DAGs, I preprocessed colony C5 by removing the two bidirectional links to
make it a DAG for the present and following analysis.

The out-degree averaged over the workers with the same rank is plotted against
the rank by the squares in Figure 5-3. A small rank value indicates a high rank in the
hierarchy. The corresponding results for the thinned linear tournament are shown by the
circles in Figure 5-3. The relationship between the out-degree and the rank was dissimilar
between the observed networks (squares) and the thinned linear tournament (circles) even if
I normalized the rank by the depth of the hierarchy, i.e., the total number of ranks. This
result lends another support to my claim that the thinned linear tournament fails to explain
the observed data. Figure 5-3 also indicates that the workers with disproportionately large
out-degree values have a high but not the highest rank in all colonies.

The out-strength (i.e., the total number of aggression behavior that the worker
has exerted on other workers) averaged over the workers with the same rank is plotted
against the rank in Figure 5-4. The figure indicates that workers near the top of the
hierarchy have disproportionately large out-strength values. In some colonies, the averaged
out-strength is the largest at the highest rank. In other colonies, the largest out-strength is
realized by a high but not the highest rank, as is the case for the out-degree. To summarize
the results shown in Figures 5-3 and 5-4, I conclude that workers near the top of the

hierarchy have paid a disproportionately large amount of cost in attacking subordinates.
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Observed networks resemble randomized DAGs given the in-degree and

out-degree of each worker

In this section, I focus on unweighted dominance networks and examine the
proximity of the observed networks, which are (approximate) DAGs, to thinned linear
tournaments and randomized DAGs, using the following four types of analysis.

Reversibility: First, I measured the reversibility, H, to evaluate the variety of
paths in the DAG. In all observed networks, the H values were positive (Table 5-2). Then, I
calculated the Z score, i.e., distance between the H value for the observed network and the
mean of H for the null model (either the thinned linear tournament or randomized DAG)
divided by the standard deviation of H for the null model. For three out of the six colonies,
the Z score was significantly positive when the null model was the thinned linear
tournament. However, when the null model was the randomized DAG, the Z score in four
of the five colonies was close to zero such that the observed networks were not
significantly different from the randomized DAGs (Table 5-2). It should be noted that, for
colony Cl1, the H value for any randomized DAG coincided with that for the observed
network, making it impossible to calculate the Z score.

I assumed that directed links emanated from attacking workers to attacked
workers. If I adopt the opposite definition for the direction of links (i.e., from attacked to
attacking), the H value is generally altered. Therefore, I carried out the same statistical test
for networks in which all links were reversed. The results were qualitatively the same as
those for the original networks. In other words, the Z score was significantly positive and
insignificant when the null model was the thinned linear tournament and randomized DAG,
respectively (Table 5-S2).

Hierarchy index: Second, I measured the hierarchical index, v, to find that v
averaged over the six colonies was somewhat positive (mean + SE: 0.30 £ 0.07). Therefore,
the dominance networks had some hierarchical structure. For four colonies, v was

significantly larger for the observed networks than the thinned linear tournaments. However,
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for all colonies, v was not significantly different from the value for the randomized DAG
(Table 5-2).

Reversing the direction of all links in a given network only flips the sign of v. In
addition, the link reversal of a thinned linear tournament is a thinned linear tournament.
Therefore, the absolute values of the Z score calculated for the link-reversed dominance
networks were the same as those for the original dominance networks, up to statistical
fluctuations (Table 5-S2). In contrast, the randomized DAG is affected by the link reversal
because a node generally has different in-degree and out-degree values. I confirmed that the
results for the link-reversed networks with the randomized DAG as the null model were
qualitatively the same as those for the original networks (Table 5-S2). I conclude that, for a
majority of observed networks, the hierarchical structure of the empirical networks is as
expected from randomized DAGs.

Global reaching centrality: Third, I measured the global reaching centrality,
GRC, to find that the GRC value was large for all colonies (Mean *+ SE; 0.86 = 0.04),
suggesting hierarchical structure. For all colonies, the GRC value was significantly larger
for the observed network than the thinned linear tournament. However, for all but one
colony, the GRC value was statistically indifferent from that for the randomized DAG
(Table 5-2). The results were almost the same when I retained the bidirectional links in C5
(GRC =0.83). The results were also qualitatively the same when the same statistical test
was applied to the dominance networks in which the direction of all links was reversed
(Table 5-S2).

Network motif: Fourth, I carried out motif analysis. The Z scores for the four
three-node patterns are shown in Fig. 5-5. The Z score was significant for most three-node
patterns when the null model was the thinned linear tournament. In contrast, the Z score
was insignificant in most cases when the null model was the randomized DAG.

Reversal of all links in a given network simply swaps motifs 1 and 4, and
conserves motifs 2 and 5. Therefore, the link reversal conserved the Z score when the null
model was the thinned linear tournament except for statistical fluctuations and the

swapping of the results for motif 1 and those for motif 4 (Figure 5-S4). As shown in the
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same figure, the results for the link-reversed networks with the randomized DAG as the
null model were qualitatively the same as those for the original networks.

To summarize the analysis of the four quantities in this section, I conclude that
the randomized DAG, but not the thinned linear tournament, roughly approximates the

observed dominance networks.

Discussion

I examined dominance networks formed by worker ants. By analysing the
dominance networks as directed networks, I reached four main conclusions. First, the
observed dominance networks are DAGs or approximately DAGs, which are consistent
with perfect linear hierarchy despite their large sizes (Figure 5-1). Second, the out-degree
obeys a much more heterogeneous distribution than the in-degree does (Figure 5-2 and
Table 5-1). Third, the workers with high ranks showed a larger amount of aggressive
behavior than those with low ranks (Figures 5-3 and 5-4). Fourth, the dominance networks
are indistinguishable from random DAGs under the condition that the in-degrees and
out-degrees of all nodes are given (Figures 5-5 and 5-S4, and Tables 5-2 and 5-S2).

Empirical studies for various species often failed to detect perfect linear
hierarchy in particular when networks were large (de Vries, 1995; Chase, 1980; Chase,
1982; Shizuka and McDonald, 2012; McDonald and Shizuka, 2013). In large groups, it
would be impossible for individuals to recognize and interact with all other peers (Appleby,
1983; de Vries, 1995; Galimberti et al., 2003; Shizuka and McDonald, 2012). The cost of
exerting aggressive behavior (Clutton-Brock et al., 2010; Bell et al., 2012; Nelson-Flower
et al., 2013) may also contribute to the sparseness (i.e., low density of links) because the
number of potential links per individual linearly increases with group size. For sparse
networks, inference of the direction of missing links by previously established methods
(Appleby, 1983; de Vries, 1995) may be unreliable (Galimberti et al., 2003; Izar et al.,
2006; Klass and Cords, 2011; Shizuka and McDonald, 2012). To overcome this sparseness
problem, the frequency of transitive triads (i.e., A dominates B, B dominates C, and A

dominates C) has been used as an indicator of linear hierarchy (Chase, 1980; Shizuka and
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McDonald, 2012; Dey et al., 2012; McDonald and Shizuka, 2013; Pinter-Wollman et al.,
2014). In contrast, I analyzed the dominance networks as DAGs. The triad census and my
analysis methods are common in that they are suitable to large and sparse dominance
networks. However, the triad census neglects emergent structure derived from a collection
of more than three nodes. In contrast, I analyzed global structure of networks to reveal that
the observed networks were (approximate) DAGs. More importantly, my approach revealed
the depth of hierarchy, hierarchical ranks of individual workers, and workers’ behavior
depending on the rank. These parameters may be also informative in various biological and
nonbiological contexts. In addition, the DAG analysis may be useful when dominance
networks are very sparse and the triad census fails to detect significant orderliness of the
network due to the paucity of triads. In fact, the P value for the triangle transitivity metric
(Shizuka and McDonald, 2012) was not small enough for C1, C2, C5, and C6 (Table 5-S1).
This issue deserves further investigations.

The hierarchical ranking through the leaf-removal algorithm, redundancy, and
hierarchy index are exclusively defined for DAGs. Therefore, I cannot immediately apply
these methods to other dominance network data that I cannot transform to DAGs by
removing just a few links, as I did for C5. Adapting the present methods to such data
warrants future work.

It should be noted that the bottom-up leaf-removal algorithm for DAGs used in
the present study produced multiple equal ranks, in particular for workers low in the
hierarchy. In contrast, other established ranking methods produce a higher uniqueness of
ranks, i.e., more different rank values for a given network (Gammell et al., 2003; Hemelrijk
et al., 2005). The former may be adequate when pairwise interaction occurs sparsely as in
the present study such that the relative strength of many pairs of workers is unclear.

It has been discussed that linearity disappears in large dominance networks for
the following proximate reason. In small groups, individuals can easily recognize each
other and form a perfectly linear tournament even with a limited cognitive ability (Chase,
1982; Shizuka and McDonald, 2012). In contrast, in large groups, as described above, it

would not be possible for individuals to recognize and interact with all other peers
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(Appleby, 1983; de Vries, 1995; Galimberti et al., 2003; Shizuka and McDonald, 2012).
My colonies contained up to 214 workers. However, the fraction of workers in the colony
belonging to the dominance network, including purely subordinate workers, was not large,
i.e., 24-38% (Table 5-1). In addition, the number of workers entering the hierarchy (i.e.,
showing aggressive behavior) was small (5, 10, 11, 8, 18, and 16 workers in colonies C1,
C2, C3, C4, C5, and C6, respectively) relative to the colony size. This number would even
decrease if I only regard the workers showing frequent aggressive behavior as entering the
hierarchy (Monnin et al., 2003). The fact that only a small number of workers entered
hierarchy and possibly had to recognize many others might contribute to the resultant
nearly perfect linear hierarchy.

The present result that only a small fraction of workers has entered the hierarchy
supports the prediction of inclusive fitness models (Monnin and Ratnieks, 1999; Molet et
al., 2005) in which workers are assumed to obtain direct fitness benefit by entering the
hierarchy while suffer from indirect fitness costs. The prediction that a small fraction of
workers enters the hierarchy is also consistent with empirical evidence for other ant species
(Cole, 1981; Bourke, 1988; Monnin and Peeters, 1999; Monnin et al., 2003) although the
prediction quantitatively differs depending on intracolony relatedness and the offspring sex
that workers directly produce (Monnin and Ratnieks, 1999; Molet et al., 2005).
Furthermore, the same model (Monnin and Ratnieks, 1999; Molet et al., 2005) predicts that
the hierarchy is long for a large colony. This is intuitive because a worker in a large colony
represents a small fraction of work force such that a worker joining the hierarchy without
working does not much harm the colony. In the present study, the length of the hierarchy
was operationally defined as the number of workers showing aggressive behavior or the
number of distinct ranks determined by the bottom-up leaf-removal algorithm. The latter
quantity was equal to 4, 7, 8, 7, 11, and 8 for C1, C2, C3, C4, C5, and C6, respectively
(squares in Figure 5-3). According to either definition of the hierarchy length, the present
results are roughly consistent with the theoretical prediction. It should be noted that the
observed networks possessed redundancy in terms of the density of links. The minimum

number of directed links necessary to maintain a connected DAG is equal to N-1. In fact,
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each observed network had more than twice this number of directed links. Therefore, the
observed short length of the hierarchy is not simply due to infrequent interactions.

I found new patterns in dominance networks of Diacamma sp. that were not
anticipated. In particular, the out-degree was more heterogeneous than the in-degree. This
result implies that a relatively few workers near the top of the hierarchy have attacked
many workers, whereas many workers has not attacked any others, rendering themselves
the most subordinate. The extent of heterogeneity was beyond that expected by the thinned
linear tournament. High rankers may accept the cost of attacking because they have high
chances to reproduce in this species (Nakata et al., 1996; Kikuchi et al., 2008). However,
the high ranked, but not the highest ranked, workers had the largest out-degree on average
(Figure 5-3). In three of the six colonies, this property held true even when I counted the
total frequency of aggression per worker of a given rank (Figure 5-4). The most dominant
workers tended to attack a relatively small number of workers, and the frequency of attacks
on each of such subordinate workers was large. In contrast, the high-ranked but not the
highest-ranked workers attacked many workers, and the number of attacks on each attacked
worker was relatively small. The reason for this difference is unclear. Mathematical models
may help explain the rationale behind this observation.

The observed dominance networks did not statistically differ from random DAGs
given the in-degree and out-degree of each individual. In this sense, the observed networks
may not be so complex as they apparently look. This result coincides with that for acyclic
networks investigated in other domains such as citation networks (Karrer and Newman,
2009). The relative simplicity revealed in the present study paves the way to, above all,
construction of new generative models for dominance networks and development of
statistical procedures to interrogate structure of observed and artificial dominance networks.
These tasks as well as clarifying the extent to which my results generalize to other species
warrant future work.

The most important limitation of the present study is that I have constructed the
dominance networks on the basis of the observation for four days. In fact, dominance

networks may be dynamic, as has been reported for interaction networks of ants (Blonder

94



and Dornhaus, 2011). At the same time, the observed networks seem to grow in terms of
the density of links as the observation time increases at least up to four days. Therefore, I
should not overemphasize the sparseness of the observed networks. Clarification of this
issue requires analysis methods for time-dependent networks (Holme and Saraméki, 2012)

in addition to longer longitudinal data.
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Supplementary information

Randomness of rewired DAGs

The randomness of a DAG generated by the randomisation algorithm (article
main text, section 2.6) depends on the number of successful rewiring events. To guarantee
that I rewired the links sufficiently many times such that the generated DAG was random

enough, I measured the dissimilarity (Goii et al., 2010) defined as
|E|Z[1 3(A.AD], (5.51)

where A=(A;) and A’=(A}) were the adjacency matrices of the empirical network and

the randomized network, respectively, and 6 is the Kronecker delta. To obtain one
random DAG from the degree sequence of an empirical network, I iterated the rewiring
process until I successfully rewired the links 5000 times. The mean time courses of D
during the rewiring process are shown in Fig. 5-S2. The figure shows that D saturates

sufficiently fast.

Definition of reversibility

The reversibility H is defined as follows (Corominas-Murtra et al., 2010). In a
DAG, the maximal node is defined as a node without incoming link, corresponding to the
most dominant worker in the colony. There may be multiple maximal nodes in a DAG. |
denote the set of all paths (consistent with the direction of links) from any maximal node to
node i by ¢(i).Let v(r,) be the set of nodes participating in path 7, € (i) except the
maximal node.

P(m, 1i) represents the probability of the reversed path of path 7, starting

from node i under the unbiased random walk, i.e.,

P(r )= ]] ! (5.82)

in?
jev(my) d

where d}“ is the in-degree of node j. The uncertainty associated with the reversed paths
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starting from node i is defined by

H()=- ), P(m,li)logP(m,i). (5.83)
e (i)

The average of H(i) over all non-maximal starting nodes defines the reversibility as

follows:

1
H=- P(z, li)logP(x, 1i). 5.54
igMN_‘M‘nkez(pZi) ( ‘ ) s (k ) ( )

Here, V={1, 2,..., N} is the set of nodes, M is the set of the maximal nodes, and |-| denotes
the number of nodes in the set. In practice, I can efficiently calculate H from the adjacency

matrix (Corominas-Murtra et al., 2010).

Definition of hierarchy

To define the hierarchy index v (Corominas-Murtra et al., 2011), I first define the
minimal node as a node without any outgoing link, corresponding to the most subordinate
workers in the colony. The set of the minimal nodes is denoted by x. Similar to equation
(S4), the uncertainty value averaged over the minimal nodes, which are used as the starting
nodes of paths, is equal to
H(u)= —Zi Y. P(r,1i)log P(r, 1i). (5.85)

il |‘U‘ e (i)

The degree of pyramidal structure is defined by

1
H™M)==-Y— > P"™(x 1ilogP™(x,1i) (5.86)
ieM ‘Ml 7,e0™ (i)
and

w : 1
Pm =[] YR (5.87)

jev™(m) ¢
where ¢™(i) is the set of all forward paths from i to a minimal node, v™!(xr,) is defined

fwd

as the set of the nodes participating in path 7w, €™ (i) except the minimal node, and

d;" is the out-degree of node ;. I define the balance between H (1) and H (M) as
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H™(M)-HWw
max{H"(M),H (1)}

f(G)= (5.88)

For a later use, I explicitly indicated that fis a function of a given network G in equation
(S8). The denominator is the normalisation factor to ensure —1< f(G)<1.

The hierarchical index v is defined as the f value averaged over the networks
obtained in the course of two leaf-removal algorithms. It is given by

1 ~
v= m{f(GH > [f(Gi)+f(Gi)]}s (5.59)

i<L-1
where G, and G, are the networks obtained after the application of the first i rounds of

the bottom-up leaf-removal algorithm and the top-down leaf-removal algorithm (i.e.,
successively removing the nodes without incoming links) to the original network G,
respectively. It should be noted that the number of layers, L, is the same for the bottom-up
and top-down leaf-removal algorithms. The hierarchy index v ranges from —1 to 1. When v
is close to 1, the network has pyramidal structure and needs little information for walking
backward from the minimal nodes to maximal nodes. In other words, most nodes of the
network have one incoming link and multiple outgoing links. Conversely, when v is close

to —1, most nodes have multiple incoming links and one outgoing link.

Modified Landau’s h index and triangle transitivity metric

To calculate two orderliness measures for dominance networks, I treat the
observed networks as unweighted networks in this section. I regard the two bidirectional
links in C5 as unidirectional links by discarding one of the two directions whose link
weight is smaller than the other (Appleby, 1983; Shizuka and McDonald, 2012).

The modified Landau’s / index, denoted by %’, is calculated as follows (de Vries,
1995; Shizuka and McDonald, 2012). First, I fill all the missing dyads randomly. In other
words, I assume a unidirectional link in either direction with probability 1/2 for all node

pairs between which a link is originally absent. The obtained network, which I call the
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imputed network according to (Shizuka and McDonald, 2012), is a directed complete graph

(also called tournament). Second, I calculate

2 & N-1Y
P R 5.810
NS_NZI(, ; ) (5.510)

i

h=

where d™ is the out-degree of node i in the imputed network. / ranges from 0 to 1, and

the perfectly linear tournament yields # = 1. Finally, 4’ is the average of & over 10°
independent imputed networks. To calculate the P value for /4’ as defined in (de Vries,
1995; Shizuka and McDonald, 2012), I compare each of the 10* values of % used for
calculating /4’ and the 4 value calculated for a randomized imputed network. I generate a
randomized imputed network by independently reassigning one of the two directions with
probability 1/2 to each link in the imputed network, which is the complete graph. To make
the comparison 10* times, I generate 10* independent randomized imputed networks. Then,
I count the fraction of times out of the 10" times in which / for the randomized network is
larger than or equal to that obtained from the original imputed network. This fraction
defines the one-tailed P value for /’.

The triangle transitivity metric #; is defined by

fy =4 —Demive (75 | (5.811)
N + Ncycle

transitive

where Niansiive and Neyele are the frequencies of transitive triads (i.e., A dominates B, A
dominates C, and B dominates C) and cyclic triads (i.e., A dominates B, B dominates C,
and C dominates A) in the given dominance network, respectively (Shizuka and McDonald,
2012). A network in which all triangles are transitive yields #; = 1. A random network
yields fy ~ 0. To calculate the one-tailed P value for f, I generate 10° random directed
networks possessing the same numbers of nodes and links as those of the observed network,
calculate #;; for each random network, count the number of the random networks yielding
tyi values larger than or equal to that obtained from the observed network, and divide the
count by 10°.

The values of 4’, t., and their P values for the six colonies are shown in Table

5-S1. It should be noted that these quantities are measured for the largest weakly connected
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component of each colony, whose size is shown in Table 5-1. The total number of observed
interactions, including those observed in the small components, is also shown in the table.
Table 5-S1 indicates that the P values for 4’ and ¢, are larger than or equal to 0.05 (i.e., no
significant linearity) except for colonies C3 and C4 (and C5 in case of #). It should be
noted that the P value for #, is large although #, for the observed network takes the
maximum possible value (i.e., =1) in C1, C2, and C6. This is because randomized networks

often yield #,; = 1 owing to the sparseness of the network.
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Figure 1
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Figure 5-1. Observed dominance networks.

Each panel corresponds to a colony. The largest connected component is drawn for each
colony. A circle represents a worker. The workers are aligned according to their
hierarchical ranks as determined by the bottom-up leaf-removal algorithm. An arrow
represents aggressive behavior exerted by an attacking worker toward an attacked worker.

The two bidirectional links in C5 are shown by the red thick bidirectional arrows.
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Figure 2
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in-degree and out-degree

The fraction of nodes with the in-degree and out-degree larger than or equal to the value

shown on the horizontal axis is plotted for the six dominance networks. The solid and

dashed lines correspond to the in-degree and out-degree, respectively.
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Figure 3
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Figure 5-3. Dependence of the average out-degree on the worker’s rank.

The out-degree averaged over the workers possessing the same rank is plotted against the
rank for each colony. The squares and circles represent the results for the observed
dominance networks and the corresponding thinned linear tournament averaged over 10’
realisations, respectively. The error bars accompanying the circles represent the standard

deviation.
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Figure 4

40 60

Cl | C2 | 400 - c3
30
40 1 300 —
— 30 —
20 200 —
20 —
= 10 |
6 10 - 100
% 0 0
= T T T T T T 0 N T T
7]
< 1 5 10 1 5 10 1 5 10
=]
o
o
()
® 200 - 150 100
o) C4 C5 C6
> —
© 150 80
100 | 60
100 —H
40
0 50
5 20 -
0 0 - 7
T T T T T T 0 T T T
1 5 10 1 5 10 1 5 10
rank

Figure 5-4. Dependence of the average out-strength on the worker’s rank.
The out-strength, i.e., the sum of the link weights over the outgoing links of a worker,

averaged over the workers possessing the same rank is plotted against the rank for each

colony.
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Figure 5

Motif 1 Motif 2 Motif 4 Motif 5
J o/—D»o

Colony . Thinned Randomised| Thinned Randomised| Thinned Randomised| Thinned Randomised
ournament DAG tournament DAG tournament DAG tournament DAG
C1 6.64** 0.08 -0.99 0.08 -1.46 0.08 0.99 -0.08
c2 7.42%* 0.93 1.23 0.93 -2.20* 0.93 4.85* -0.93
C3 25.91** -2.14* -3.31* -2.14* -4.81** -2.14* 13.65** 2.14*
Cc4 49.23* -0.45 -1.77 -0.45 -5.25* -0.45 22.80** 0.45
C5 18.73** 0.99 2.95* 0.99 -4.00** 0.99 13.93** -0.99
Cc6 24.67** 1.82 1.91 1.82 -3.32** 1.82 14.22** -1.82

Figure 5-5. Results of the motif analysis.

I calculated the Z score for the frequency of each three-node network against each null

model (i.e., thinned linear tournament or randomized DAG). Asterisks indicate significance

levels (*: p < 0.05, i.e., |Z|>1.96; **: p<0.01,ie., |Z|>2.58).
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Table 5-1. Statistics of observed dominance networks.

The size represents the number of workers in the colony. The number of nodes represents
the number of workers contained in the largest weakly connected component. The other
quantities shown in the table are calculated for the largest component. Apart from the
largest component, there is a weakly connected component composed of two workers and a
directed link between them in C1, C2, C3, and C6. Colonies C4 and C5 contain a unique
weakly connected component. The sparseness is defined as the number of noninteracting
pairs of workers divided by all possible pairs, i.e., N(N-1)/2 (Shizuka and McDonald, 2012).
The sparseness ranges from 0 to 1, with 0 corresponding to the all-to-all network and 1 to

the null network.

oy se bl Nambeal e COof OO bidinks Sparsnes
Cl 58 20 29 2.90 0.71 1.99 0 0.85
C2 132 32 55 3.44 0.73 1.90 0 0.89
C3 149 48 134 5.58 0.58 2.55 0 0.88
C4 183 70 158 451 0.58 3.49 0 0.93
C5 200 56 133 4.75 0.64 2.29 2 0.91
Co6 214 64 137 4.28 0.71 2.63 0 0.93

106



Table 5-2. Statistical results for the reversibility, hierarchy, and global reaching

centrality.

For each index, I calculated the Z score against each null model (i.e., thinned linear

tournament or randomized DAG). The thinned linear tournament and randomized DAG are

abbreviated as tournament and DAG in the table. Asterisks indicate significance levels (*: p

<0.05,ic., |Z/>196;**: p<0.01,ic., |Z>2.58).

Reversibility (H) Hierarchy (v) GRC
Z score Z score Z score
Colony | value (tourna fSZ‘g; value (tourna fDSZOGr)e value (tourna %DSZOGI.;:

ment) ment) ment)
C1 028 -236* - 0.59 3.68**  —0.33 0.94 4.45%* 1.01
C2 1.41 1.86 1.76 0.14 1.05 -1.70 0.71 2.72%% D 11*
C3 1.73 0.24 2.33* | 0.31 3.32%* 0.05 0.88 4.93**  —1.40
C4 1.33 -0.36 -1.33 0.32 3.90**  —-1.08 0.96 6.60** 1.66
C5 2.37 4.98** 0.20 0.28 3.15%* 0.74 0.86 4.82**  —0.89
Co6 2.02 4.09%** 1.69 0.14 1.72 0.66 0.82 4.54**%  —0.64
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30/ 0 0w,

Figure 5-S1. Bottom-up leaf-removal algorithm.

(a) Colony C1, replicating the left-top panel in Figure 5-1. In the first step of the algorithm,
the nodes shown in red in (b) are removed because their out-degree is equal to zero. These
nodes form layer W, and in fact receive rank value 4 because it turns out at the end of the
algorithm that there are four layers. I also remove the links incident to the removed nodes.
Second, the three nodes shown in red in (¢) are removed because their out-degree is zero in
the reduced network. These nodes form layer W, and receive rank value 3. Third, the node
shown in red in (d), which constitutes layer W and receives rank value 2, is removed.
Finally, the node shown in red in (e), which constitutes layer W, and receives rank value 1,

1s removed.
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Figure 5-S2. Time courses of dissimilarity during the rewiring process.
Each curve represents the time course of the dissimilarity (i.e., D) for one colony averaged
over 10° realisations of the randomisation runs, each starting from the observed network.

The error bars represent standard deviations.
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Motif 1 Motif 2 Motif 4 Motif 5

Colony Thinned Randomised| Thinned Randomised| Thinned Randomised| Thinned Randomised

tournament DAG tournament DAG tournament DAG tournament DAG
c1 -1.40 -0.21 -0.96 -0.21 6.84** -0.21 1.02 0.21
Cc2 -2.11* 0.67 1.12 0.67 747 0.67 4.73** -0.67
C3 -4.96** -2.35% -3.23* -2.35% 25.77* -2.35* 13.79** 2.35*
Cc4 -5.39** -0.51 -1.78 -0.51 51.36** -0.51 22.90** 0.51
C5 -4.04** 0.51 3.05** 0.51 18.59** 0.51 13.41** -0.51
C6 -3.29** 0.59 1.90 0.59 24.35** 0.59 14.37** -0.59

Figure 5-S4. Results of the motif analysis for the link-reversed networks.
For the networks generated by reversing all links in the observed dominance networks, I
calculated the Z score for the frequency of each motif against each null model (i.e., thinned

linear tournament or randomized DAG). Asterisks indicate significance levels (*: p < 0.05,

ie., |Z]>196;**: p<0.01,ie., |Z]>258).

111



Table 5-S1. Other statistics of observed dominance networks.

The modified Landau’s 4 index, /’, triangle transitivity metric #y, their P values, and the
total number of observed interactions for each colony are shown. I calculated the number of
interactions for the entire colony and the other quantities for the largest weakly connected

component of the colony.

Colony h P value for i’ tei P value for ¢ ilzttTalii:Ozi
Cl 0.21 0.18 1.00 0.39 98
C2 0.12 0.23 1.00 0.23 278
C3 0.13 0.0003 1.00 0.001 1306
C4 0.08 0.0005 1.00 0.029 673
C5 0.07 0.09 0.96 0.024 680
Co6 0.07 0.05 1.00 0.053 537

112



Table 5-S2. Statistical results for the reversibility, hierarchy, and global reaching
centrality for the dominance networks with reversed links.

See the caption of Table 5-2 for the legends.

Reversibility (H) Hierarchy (v) GRC
Z score Z score Z score
Colon value (tourna Z score value (tourna Z score value (tourna Z score
y (DAG) (DAG) (DAG)
ment) ment) ment)
Cl 1.76 ~ 3.84** -0.78 | -0.59 -3.41**  0.19 0.16 —2.23%* 1.10
C2 221 5.12%* -0.05 | -0.14 -1.04 -0.36 0.14 —2.88** —2.43%
C3 213 2.09* -0.66 | —0.31 -3.32** —(0.98 0.08 —5.83%* -1.29
C4 2.57  6.87** -0.40 -0.32 -3.91** -0.41 0.05 —5.09%* -1.10
C5 1.92  2.75%* —2.42*% | —0.28 —3.17*¥* -3 13** 0.12  —4.04** -1.39
Co 2.06 4.21** -1.26 | -0.14 -1.59 —2.23% 0.11  —4.08** -1.28
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Chapter 6
General discussion

The central questions in behavioral science are how and why animals move in nature
(Nussbaum, 1978; Nathan et al., 2008). Currently, several fields, including behavioral
ecology, neuroscience, and psychology, are trying to address these questions (Krebs and
Davies, 1978; Zupanc, 2010). Movement ecology is a novel research area that aims to
quantify and analyze movements over a large scale and comprehensively examine the
internal and external factors that affect the observed movement patterns (Nathan et al.,
2008). Although the effects of individual interactions are crucial to animals, as described in
Chapter 1, their relationships are poorly understood. In this thesis, I focused on the
movements and individual interactions of animals and investigated the relationships
between them.

All animals need to move to search for food, prey, and mates. For two decades, it
has been reported that, when animals are searching for something, their movements can be
random patterns, such as the movement pattern called the Lévy walk (Viswanathan et al.,
1996; Viswanathan et al., 1999; Bartumeus et al., 2003; Sims et al., 2008; Humphries et al.,
2010; Raichlen et al., 2014), which was discovered by quantifying the movements of
animals in nature. However, this claim has been sometimes questioned (Edwards et al.,
2007; Benhamou, 2007; Petrovskii et al., 2011). Previous theoretical studies have reported
that Lévy walks have higher encounter rates of targets compared with Brownian walks
(Viswanathan et al., 2011). In Chapter 2, I theoretically examined the precise conditions in
which the Lévy walk search strategy was superior to the Brownian walk in terms of
maximizing fitness. These findings indicated that the parameter range of the Lévy walk was
smaller than previously thought, as discussed in Chapter 2. In Chapter 3, I theoretically and
empirically analyzed the Lévy walk in terms of an avoidance strategy. This is the first study
to analyze the Lévy walk as an avoidance strategy. Thus, I found an evolutionary reason

why animals exhibit the Lévy walk. My results in Chapter 2 and 3 addressed the question
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of why animals sometimes exhibit the Lévy walk in nature and not in other cases, which
suggested the high impact of interactions with predators on optimizing the movements.

In Chapter 2 and 3, I analyzed the spontaneous patterns of an individual
movement, and revealed the importance of such patterns in an evolutionary and ecological
context. On the one hand, animals in most situations can respond to external stimuli, form
memories and change the behavior by the operation of nervous systems and brains (Zupanc,
2010). A number of behavioral scientists have tried to uncover the mechanisms of such an
input/output (i.e., stimulus and response) system. The functions of input/output systems are
undoubtedly important for animal’s survival in the complex and fluctuating environment.
Here, the questions arise: how the movement patterns vary by stimuli and how the
spontaneous activity interacts with the dynamics of sensory-motor coupling. The studies on
movement patterns included the experiment and field study so far. The former limits the
scale of experiments. For example, the extremely long straight movements cannot be
observed due to the limitation of the experiment apparatus. Moreover, the experiments
would include the unnatural conditions. On the other hand, although the latter can reveal
the large-scale pattern under natural conditions, the cause of the observed movement
patterns includes the several factors. Therefore, to distinguish them, the controlled
experiments are needed. Recently, the sophisticated experimental apparatus to solve this
problem has developed. For instance, they can propose the virtual reality to the small
animals such as insects while the animals can walk on the sphere (Stowers et al., 2014).
Consequently, the movement can be tracked at large scale under a controlled condition, so
that we can analyze the role and mechanisms of the input/out system and address the above
questions. Thus, we could integrate the ultimate and proximate factors.

Animals are likely to have diverse movement patterns depending on the
interactions with other individuals or other ecological factors. Therefore, a future research
for investigating this involves empirical tests on the effects of the interactions. For example,
an interstrain comparison between species living in environments with low- and
high-predation pressures might uncover the effects of predators on movement patterns and

the evolutionary origin of spontaneous activity. Furthermore, it is worth noting that
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spontaneous activity patterns could influence population dynamics, food web stability, and
spatial patterns (Nathan et al., 2008). A highly efficient search might lead to instability
because very strong interactions between species have been shown to most likely
destabilize the equilibrium in the Lotka-Volterra model (May, 1973). Future research topics
include theoretically analyzing the effects of movement patterns on such dynamic
phenomena. It is expected that this knowledge will enable us to predict and estimate, for
example, the density of other species and the food web structure from the movement data of
animals. Another role of spontaneous activity to consider is the ability to detect novel
resources with learning (i.e., operant conditioning) (Brembs, 2011). Therefore, the
phenomena ranging from individual to ecological and evolutionary time scales are critically
and inseparably connected through movements and interactions.

Animals often form groups because they can benefit from collective behavior.
The sophisticated collective motions of strongly coupled groups, such as schools of fish or
flocks of birds, have been analyzed theoretically and empirically (Camazin et al., 2003;
Sumpter, 2010; Vicsek and Zafeiris, 2012). In Chapter 4, I investigated weakly coupled
groups in terms of dynamics, especially social insects, and proposed a framework for
analyzing interactions from the movement data by using Convergent Cross Mapping. This
is based on dynamical systems (Sugihara et al., 2012), and it can reveal interaction patterns
that cannot be detected from a distance between individuals. The methods can be applied to
other animals, and they might detect novel interaction patterns. Previous studies examined
the various dynamics, the stable state, the stable limit cycle and chaotic dynamics of social
insects at a collective level (Cole, 1991a, b; Boi et al., 1999; Beekman et al., 2001; Nicolis
et al., 2013). I observed the periodic and (chaotic) non-periodic dynamics of ant activities
from individual movements. Such dynamics might be widespread in animal society.
Although periodicity is considered to work as mutual exclusion that can spread cares to
more broods (Hatcher et al., 1992), the role of non-periodic dynamics is poorly understood.
In that case, the complex dynamics may not be inevitable noise but adaptation to the
environment, which raises the open question of how such instability promotes efficient

information transfer or division of labor.
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In Chapter 5, I observed interactions that were definitely identified as aggressive
behavior in ant groups and analyzed them as directed networks. The results showed
novel-type networks with clearly hierarchical structures. When studying dominance
interactions, most analyses to date have only examined linearity (de Vries, 1995; Shizuka
and McDonald, 2012). I developed the new perspective of global network structures, which
can characterize the dominance hierarchies of several taxa. In Diacamma.sp, workers have
reproductive potential, but the dominance hierarchy is considered to serve to prevent
workers from reproducing males. The individual at the highest rank can reproduce the male
(i.e., direct fitness) before colony fission. If the top individual dies, then the second or third
rank individual could become the top individual. A lot of lower rank individuals cannot
reproduce males, but receives indirect fitness by working for the colony. Then, how does
the hierarchical structure increase the fitness and stabilize the society? The conventional
method, calculating linearity of dominance relationship, cannot address this question.
Future studies will include the construction of an individual-based model in order to
analyze the evolutionary consequences. By evolving the interaction rules of individuals, we
will reveal how the network structures emerge from the interactions and how the network
structures increase the fitness at group level and stabilize the society. In addition, the
meta-analysis allows us for comparison of many types of dominance hierarchy in various
species. Shizuka and McDonald (2012) re-analyzed 107 dominance hierarchies obtained
from previous papers. Thus, we will discuss the evolutionary implications by comparing
network structures (Pasquaretta et al., 2014).

The interaction patterns can be described as networks in a conventional way. The
networks observed in Chapter 4 differed from the network that was derived from
dominance behavior in Chapter 5 and that had hierarchical structure, which indicated that
there may be several relationships on different time scales. This finding corresponds with
the idea that networks on multiple scales interact with each other (Flack, 2012), but the
interactions between these networks were not clearly detected in my study. Moreover,

future topics will include an analysis of how the interaction patterns influence movements
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and spatial patterns and should lead to a better understanding of why the interaction
patterns emerge from an evolutionary perspective.

Moreover, the robustness of the collective properties such as networks and
dynamics is less understood in my study. The perturbation to individuals or knockout of an
individual may alter these patterns (Flack et al., 2006). If the patterns are robust to the
perturbation, it is considered to be essentially important for the group. We must find the
relationship between collective properties and environmental variables.

Collective behavior is considered to have the advantage such as efficient foraging
or predator avoiding in a group level. However, there are few direct evidences of
relationship between collective behavior and fitness. For ant colonies, we need to analyze
the colony size and reproduction rate as fitness to claim the importance of interaction
patterns observed in my study. One possible method may be the long-term observation by a
novel method discussed below.

The automatic quantification of the movements and interactions of individuals at
the individual level and at the collective level is a challenging task (Dell et al., 2014). The
performance of machine learning that can detect specific patterns in a movie and method to
analyze the movement data have recently improved (Takahashi et al., 2008; Horibe, 2011;
Viswanathan et al., 2011; Sugihara et al., 2012; Kabra et al., 2013; Dell et al., 2014). Future
studies focusing on the detection of movements and interactions in heterogeneous
environments and differentiation of the various kinds of interactions based on long-term

observation data will lead to a better understanding of how and why animals move.
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