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ABSTRACT

TERRITORIALITY AND LANDSCAPE OF AGGRESSION

Piyumika S. Suriyampola

October 25, 2013

Behavioral adjustments in response to the presence of landmarks can exert strong
effects on population dynamics of territorial species as well as the evolution of behavior
and social systems. Hence, an understanding of the role of landmarks in animal contests
provides a link between behavioral decision-making and population dynamics, which has
been viewed as a major goal in ecology. This dissertation investigates the effects of
landmarks on territory defense, focusing on how landmarks affect differences in sex
roles, the landscape of aggression and fundamental territory properties. To investigate
these ideas, | used three different cichlid fish species as model systems. My results
clearly demonstrate that landmarks have strong effects on territoriality of cichlid fish, and
thus are likely to have been significant influences on the population dynamics and the
evolution of the behavior.

The laboratory experiments revealed that the resource-free space between
territories can function as a visual landmark to reduce aggression between territorial
neighbors. | found that male and female Neolamprologus multifasciatus, an African shell-

brooding cichlid fish, respond differently to changes in defensive costs that arose as a
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result of the presence/absence of a buffer zone. Males were more sensitive to the effect of
increased defensive costs, compared to females as males increased both the time spent in
defense and the use of highly aggressive acts. This increased responsiveness of males
could be partly due to males having stronger tendency to intrude when a buffer zone is
absent. This study also suggests that, at least in some species, females’ contribution to
territory defense may vary relatively little regardless of overall costs.

Visual landmarks also influenced the landscape of aggression in Hypsophrys
nicaraguensis, a Central American cichlid fish. Findings of this field study revealed that
in the absence of landmarks fish left larger areas between each other, and these spaces
may act as buffer zones. In addition, this work found that landmarks are useful in both
precisely defining territory borders and allowing fish to interact at landmarks when such
landmarks are available. These factors may have contributed to lower the overall
defensive costs in several ways, by decreasing accidental intrusions, reducing risk of
escalation, easily identifying when an intrusion is occurring, and spending less time in
boundary patrolling.

Landmarks also affected the fundamental territory properties such as territory
size, shape and the location of boundaries in Amatitlania siquia territories. In this field
study, I observed that territories were significantly smaller when landmarks were present.
The reduced size was mainly driven by relocating the boundary closer to the landmark,
with pairs giving up an area lacking a clearly defined boundary. This behavior suggests
that it is beneficial to defend a smaller territory with well-defined boundaries compared
to a larger territory with undefined territory borders. The willingness of fish to move the

boundary closer to the nest also suggests that landmarked boundaries provide benefits

vii



substantial enough to overcome the cost of high predation on fry when the boundary is
closer to the nest. In addition, with the presence of a linear landmark, territories were
elongated. However, the presence of a point landmark did not alter territories’ optimal
round shape.

Findings of my dissertation will provide a means by which researchers will be
able to manipulate territories and address fundamental questions about territory structure,
territory function as well as the evolution of territoriality and its role in population
dynamics. In addition to contributing to the knowledge base of territoriality, these results
have important implications for wildlife managers and captive breeders as it suggests that

providing landmarks maximizes space use and reduces aggression in territorial species.
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INTRODUCTION

To date, territorial behavior has been described in animals belonging to a number
of diverse taxa including sea anemones, limpets, polychaetes, insects, crustaceans,
spiders, fish, frogs, salamanders, lizards, mammals and birds (Huntingford and Turner
1987). Defending a territory allows the owner to monopolize its resources including food,
mates, mating sites and refuges. Territoriality is presumed to be one of the primary
determinants of reproductive success and thus individual fitness (Brown 1964; Cleveland
1999; LaManna and Eason 2003). The study of territoriality is important for the
development of a greater understanding of the evolution of the behavior itself and may
lead to a better understanding of the evolution of other phenomena such as social
systems, communication and reproductive strategies (Heap et al. 2012). Here, | briefly
describe the progression of the study of territoriality and then explain how my research
links with and fits into the general study of territorial defense.

The conspicuous nature of territorial interactions has attracted the interest of
researchers for a long time. Although the observations of male birds defending space
dates back to classical Greek civilization, it was not until 1868 that the study of
territoriality was formally initiated. Bernard Altum, a German ornithologist, noted that
birds tended to adjust the size of their territories to meet their ecological requirements
(Goodenough et al. 2009). Eliot Howards rediscovered this principle and presented the

first modern study of territoriality, providing comprehensive descriptions of conspicuous



defensive behavior in Old World warblers and buntings. Based on his observations he
described the foundation and functions of territories in the book “Territory in Bird Life”
published in 1920. Although subsequent studies of territorial behavior soon added other
animal taxa to the list of territorial species, avian territoriality has always been more
extensively studied. Later, researchers’ interest shifted to studying the interspecific
variation of territorial behavior (Hinde 1956), but due to the vast variation among taxa, it
was difficult to formulate a general model that might apply to a wide range of species.

A significant shift in the field of territorial studies occurred with the introduction
of economic theory into behavioral ecology. In 1964, Jerram Brown introduced the idea
of economic defensibility of territories. In his paper he argued that ‘the type of
territoriality evolved in a species depends on the types of requisites for which
competition exists and upon the degree to which they are economically defendable in
terms of balance between advantages and disadvantages of such defense to individuals.”
This verbal concept was soon reformed as the now familiar cost and benefits graphical
models of territoriality (Davies and Houston 1984).

Although Brown’s economic theory of defensibility was designed with birds in
mind, it has been identified as a global model that could apply to a wide range of
territorial species. Hence, this model has been the foundation of a large number of recent
studies of territorial behavior. The economic approach to territoriality breaks the behavior
into potentially measurable costs and benefits, creating a number of hypotheses that could
be tested under natural conditions. The introduction of economic theory thus led to an
explosion in theoretical, experimental and sophisticated observational studies of

territoriality.



Earlier empirical studies of economic defensibility manipulated the benefits
associated with territories (e.g., Gill and Wolf 1975; Carpenter et al. 1983; Eberhard and
Ewald 1994), while more recent studies focus on identifying variables that can affect the
costs associated with defense. The presence of established or familiar neighbors (Eason
and Hannon 1994), visibility within the territory (Eason and Stamps 2001), topography of
the territory (Eason 1994) and the presence of landmarks (Eason et al. 1999; LaManna
and Eason 2003) have been identified as some of the primary factors that affect the
defensive costs. Using economic theory as a basis, the research | present here addresses
the effects of landmarked boundaries on territory defense. In particular, | investigate how
landmarked boundaries affect both the landscape of aggression, i.e. the individual
responses of residents, and fundamental territory properties such as size, shape and
location of boundaries.

For my investigations, | used cichlid fish as a model system. Cichlids are
freshwater teleosts belonging to the family Cichlidae in the order Perciformes. They
differ from other teleosts by having both a single-opening of the nostrils on each side of
the head and an interrupted rather continuous lateral line. In addition, the uniquely shaped
otolith in the ear proper, absence of a bony plate at the bottom of the eye and the intestine
departing from the left side of the stomach make cichlids a distinct group of fishes
(Barlow 2000). The family Cichlidae arose nearly 160 million years ago in
Gondwanaland (Stiassny 1991). The fracturing of Gondwanaland - about 150 million
years ago- and the movement of African and South American landmasses - about 65
million years ago- led to the formation of all extant lineages of the family Cichlidae,

which are distributed in Africa, South and Central America, and Asia (Stiassny 1994).



Today, at least 1,650 species have been scientifically described, making it one of the
largest vertebrate families. Since the earliest field studies conducted in the 1950°s by
Lowe-McConnell, cichlids have been the focus of numerous ecological, evolutionary and
behavioral investigations due to their rapid speciation, unique feeding specializations,
diverse mating systems, and their role as an important protein source in tropical countries
(McKaye 1984). Cichlids also stand out as an excellent system for the investigations
related to territoriality due to their well-known dramatic territorial displays and their
willingness to defend territories both in the field and in the lab.

In my first chapter, | describe the sex differences in territorial defense in
Neolamprologus multifasciatus, a shell-breeding African cichlid fish from Lake
Tanganyika in East Africa. In most species in which males and females reside within a
territory and defend it, both sexes presumably benefit from holding the territory (Quinard
and Cezilly 2012). However, studies of territorial behavior have generally focused on
agonistic interactions between individuals of one sex, usually males. Due to this bias in
available literature, the respective roles that each gender plays in territorial defense are
poorly understood. In this laboratory study, | examined resident pairs’ responses to
changes in defensive costs and to intruders of different genders. Studies have shown that
defensive costs are lower when territorial boundaries are clearly defined (van den Assem
1967; Eason et al. 1999; LaManna and Eason 2003). Accordingly, to alter defensive costs
| used two different distributions of shells: one in which territories were separated by a
visually distinctive area, a defendable empty space without shells, and one without a
visual gap. N. multifasciatus easily adapts to maintenance in aquaria and has many

benefits as a species for behavioral ecology studies. Both males and females actively



defend their territories and have unique stripe patterns that could be used for
identification. They use shells as egg-laying sites, and refuges for fry and adults. A
territory contains an average of 17.5 shells, typically places within a 20-50 cm depression
of scooped out sand (Kohler 1997).

Findings of this laboratory study led to the development of the rest of the research
mentioned in my dissertation. This study suggested that the resource-free space between
territories can function as a visual landmark to reduce aggression between territorial
neighbors. To understand how these visual landmarks affect territorial defense in natural
conditions, I did field studies with Central American cichlid fish. The next two chapters
of my dissertation describe the two field studies that | conducted at Lake Xilo4, a small
caldera lake in Western Nicaragua.

Lake Xiloa is approximately 6100 years old (Meyer, in press), covers 360 ha, and
has a maximum depth of 92 m (Riedel, 1964). Visibility within the lake averages 2-3m
during dry season (November to May) and increases to 3-4m during wet season (Lim et
al. 1976). Water temperature is fairly constant at 28°C during the dry season from the
surface to approximately 25m (Barlow et al. 1976). Like many crater lakes, Lake Xilod is
oligotrophic with the flora dominated by an alga, Chara, belonging to family Characeae.
The macroinvertebrate fauna consist of one species of crab, Potamocarcinus
nicaraguensis, and numerous small snails whose shells make up a significant portion of
the substrate. Besides fish, the other vertebrates in the lake are the frog, Smilisca baudini,
and the turtle, Pseudemys scripta. The ichthyofauna of Lake Xiloa includes both cichlid
and non-cichlid fishes. The 12 cichlid fish species are: Amatitlania siquia, Amphilophus

rostratus, A. xiloaensis, A. amarillo, A. sagittae, Amphilophus sp. “flat lips”,



Archocentrus centrarchus, Astatoheros longimanus Cichlasoma citrinellum, Hypsophrys
nicaraguensis, H. nematopus, Parachromis dovii, and P. managuense (Dittmann et al.
2012). The six non-cichlid fish species include: the catfish, Rhamdia nicaraguensis; the
atherinid, Melaniris sardinia; the clupeid, Dorosoma chavesi; the molly, Poecilia
sphenops; the swamp eel, Synbranchus marmoratus; and the eleotrid, Gobiomorus
dormitor (Villa, 1968). The research | describe here was conducted off the lake’s eastern
shore at depths from 8-15m in an area approximately 85m in length. This site is
characterized by a moderate slope, and the substrate is comprised of silt and sand.

In my second chapter, | examined the effects of landmarks on the landscape of
space-partitioning agonistic interactions. Space-partitioning interactions that occur among
contiguous neighbors or potential settlers determine the ultimate territory size or the
density of territory owners (Stamps 1990; Adams 2001). Although these social
interactions could be greatly affected by the presence of a visual landmark, its effects on
the landscape of overall aggression has rarely been investigated. | observed the territorial
behavior of Hypsophrys nicaraguensis, a cichlid fish native to Nicaragua and Costa Rica,
in their natural habitat to understand how breeding pairs responded to the presence of
landmarks. As the landmark, | used a plastic plant similar in form to the naturally
occurring Chara sp. H. nicaraguensis is a good candidate for this study as fish of this
species defend contiguous territories in the sandy habitat. The absences of distinct
topographical features in the sandy habitat of the lake allowed me to conduct
experimental manipulations to investigate fish responses to the presence of landmarks. In
this study, I first addressed whether landmarks can affect the presence of defensive

boundary zones. Second, | investigated whether landmarks were useful in precisely



defining territory borders. Third, I tested if landmarks altered where agonistic interactions
occured along the boundary that was being shared by both neighbors.

In the third chapter, I report observations on the territorial behavior of Amatitlania
siquia, a convict cichlid native to Nicaragua and Costa Rica, in order to understand the
effects of landmarks on territory properties such as territory size, shape and the flexibility
of territorial boundaries. Although most theoretical and empirical work recognizes the
significance of landmarks in lowering defensive costs, little attention has been given to
identify its effects on territory properties. This field study consisted of two parts. First, |
did a preliminary observational survey to identify whether territory properties varied with
the presence of a landmarked boundary. Then, | manipulated convict territories to
examine how they alter territory properties as a response to the presence of the landmark.
In the experimental manipulation, | provided empty beer cans as breeding sites and used
plastic plants similar in form to the naturally occurring Chara sp. in the lake as
landmarks. Although convicts are considered the “white rat” of cichlids (Meral 1973), A.
siquia is an understudied member of the convict group, due in part to its limited range. It
is a good candidate for this study because the limited availability of suitable breeding
sites disposes this substrate-brooding cichlid to rapidly colonize artificial breeding sites
(personal observations). In addition, both males and females actively defend their
territories from intruders. In my experimental study, | observed each pair with either one
(point landmark) or four plants (linear landmark) and also without landmarks to
determine whether these cichlids alter the size, shape and boundaries of their territories in

response to landmarks.



CHAPTER |

SEX DIFFERENCES IN TERRITORIAL DEFENSE

Although in many diverse territorial species both males and females defend the
territory, their respective roles in that defense are poorly understood. Both sexes
presumably benefit from holding a territory (Quinard and Cezilly 2012), but most studies
of territorial behavior have focused on agonistic interactions between individuals of one
sex, usually males. Males are typically more overtly aggressive (Maccoby and Jacklin
1974; Coie and Dodge 1997; Akin 1998; Draud et al. 2004; Fedy and Stutchbury 2005;
Buss 2005), making their interactions easier to observe and study, and researchers have
documented agonistic interactions between males in numerous vertebrate and
invertebrate taxa (e.g. molluscs, Rollo and Wellington 1979; insects, Davies 1978,
Alcock 1983; fish, Thresher 1979; amphibians, Jaeger et al. 1983, Kluge 1981; reptiles,
Barker et al. 1979; birds, Foster 1981; mammals, Miller 1974). In contrast, females may
tend to use more subtle ways to interact with one another, making their aggression more
difficult to detect (Amundsen 2000). As a result, studies of female aggression are largely
limited to the few species in which sex roles are reversed (Andersson 1994; Balshine-
Earn and McAndrew 1995; Petersen and Hardy 1996; Goubault et al. 2007). However, by
focusing on one gender at a time, we can neither assess the relative contributions of males

and females to defense nor understand how the members of a pair divide tasks or



cooperate in simultaneous defense. Examining male and female defensive behavior
simultaneously has the potential to answer such questions, and to enhance our
understanding of the evolutionary forces underlying the sexes’ tactics (Arnott and
Elwood 2009).

One factor that is known to influence residents’ responses during territorial
defense is intruder gender. Many territorial birds and fishes display a strong, same-sex
bias during defense, with males interacting with intruding males while females interact
primarily with female intruders (Keenleyside et al. 1990; Levin 1996b; Bard et al. 2002;
Harding et al. 2003). This difference in behavior may reflect size differences: by
interacting with same-sex intruders, the smaller resident tends to interact with smaller
intruders, leaving the larger resident to interact with larger intruders (ltzkowitz et al.
2005). However, in other cases, residents tend to interact with intruders of the opposite
sex rather than with same-sex intruders (Logue and Gammon 2004), and in still others
residents may defend the territory irrespective of the intruder’s gender (Hand 1986;
Busch et al. 2004). Residents may also follow gender-specific rules: in tawny owls (Otus
scops), for example, males defend against intruders of either sex, but females defend only
against same-sex intruders (Galeotti et al. 1997).

A second factor that may affect gender differences in territorial defense is the
level of defensive costs. Changes in defensive costs can lead to the adoption of different
tactics or behaviors during territory defense (Eason et al. 1999; LaManna and Eason
2003). However, there has been little research on how changes in costs might affect
gender differences in territorial behavior. Defense when costs are elevated is likely to be

critical for breeding success and thus an important component of territorial behavior.



When defensive costs are higher, either both male and female or only one member of the
pair could potentially increase their defensive efforts. One study did suggest that
increased costs might result in more joint activities by resident pairs: increased simulated
intrusions caused territorial magpie-larks (Grallina cyanoleuca) to increase the
proportion of duet songs relative to solos (Hall 2000). Resident wintering Willow
Flycatchers (Empidonax traillii) also responded strongly when defensive costs were
elevated due to the increase in rate of intrusions by conspecifics (Sogge et al. 2007).

In this study, | first tested whether visually distinctive areas between territories
lower defensive costs and then investigated resident pairs’ responses to high and low
costs and to intruders of different genders. | used Neolamprologus multifasciatus, a small,
shell-inhabiting cichlid fish from Lake Tanganyika, as the study species. Studies have
shown that defensive costs are lower when territorial boundaries are clearly defined (van
den Assem 1967; Eason et al. 1999; LaManna and Eason 2003). Accordingly, to alter
defensive costs | used two different distributions of shells: one in which territories were
separated by a visually distinctive area, an empty space without shells, and one without a
visual gap. | then compared males’ and females’ behaviors across treatments.

N. multifasciatus defend territories that contain empty Neothauma snail shells on
sandy substrates in Lake Tanganyika. On average, there are 17.5 snail shells per territory
(Kohler, 1997). These territories were created by digging shells out from the sand, and
territories are separated from each other by sand removed from between the shells (Sato
and Gashagaza 1997). Females use these shells to lay eggs. After reaching about 10mm,
each fish occupies at least one shell (Schradin and Lamprecht 2000) and both adults and

fry take shelter in these shells when threatened. N. multifasciatus is a colonial breeder,

10



with colonies consisting of as many as closely related 20 individuals, with one to three
adult males, one to five adult females, juveniles of both sexes, and numerous fry. Females
primarily care for the eggs and larvae, by aerating them regularly (Kohler, 1997) while

male provide no parental care for the young (Schradin and Lamprecht 2000).
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METHODS

Laboratory Maintenance

For this study, | used wild-caught N. multifasciatus provided by local fish
importers. Fish were sorted by sex and housed in single-sex holding aquaria until they
were used for experiments. Each housing aquaria contained several small clay pots for
shelter. The aquaria were filled with tap water, treated to remove chlorine and
chloramines, and kept at 26 - 28°C. Each aquarium had two sponge filters and heaters
symmetrically mounted in each rear corner, as well as ruler tapes affixed to the front and
back for position measurements. Aquaria were maintained on a photoperiod of L:D 12:12
and fish were given flake food every other day. Males on average measured 41.6 £ 0.5
mm in total length while females were on average 36.6 £ 0.4 mm in total length. All fish

were used once.

Fish Pairing

For pairing fish, 1 used 38 L (50cm x 25cm x 30cm) aquaria with four Neothauma
snail shells partially buried in sand. Since N. multifasciatus exhibit size-assortative
mating in nature and are sexually dimorphic in size (Kohler 1997), fish were selected for
pairing so that the male was 3 - 6 mm larger than the female.

| put one male and one female fish into a pairing tank and allowed the fish to
interact. Fish were considered paired if they stayed together by shells, or spent time
within one body length of each other without aggressive behaviors (Draud and Lynch

2002). All paired fish also exhibited behavior typical of mates, such as the female

12



bending her body into an ‘S’ shape when her mate approached (personal observations).
When there were two pairs with similarly sized males and females, | moved them to
experimental aquaria. Residents in trials differed from their same-sex neighbors by 2 mm

or less in total length.

Experimental Set-up

| used Neothauma snail shells to create two treatments, one with high and one
with low defensive costs (Fig 1). Each treatment contained 32 snail shells. For the low
defensive cost treatment, | placed 16 snail shells in four by four grids on the left and right
sides of a 110 L (76cm x 30cm x 45cm) aquarium. These two patches of shells were
separated from one another by a visual gap, an area 15 cm wide that contained no shells.
For the high-cost treatment, | evenly distributed 32 snail shells in the aquarium, so that
there was no visually distinctive area. Before each trial, | placed two opaque dividers in
the middle of the aquarium. I then placed one of the size-matched heterosexual pairs on

each side of the aquarium and allowed the fish to acclimate for five days.

Trials

Before the beginning of trials, | observed the fish and their behavior for
approximately 10 minutes to note their unique stripe patterns for identification purposes
and to locate their preferred shell. I defined the preferred shells as the ones where
residents spent at least 80% of their time during these observations. After removing
dividers, | began the trial either when the first interaction occurred or when any

individual crossed the midline of the aquarium. The mid-line was considered to be the
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territory boundary for determining when an intrusion occurred because in preliminary
trials pairs used the center of the aquarium as the boundary (see also Results). | recorded
residents’ agonistic behaviors toward neighbors that intruded into their territory, and then
divided these behaviors into two levels of aggression according to established hierarchies
(Schradin and Lamprecht 2000; Bergmller and Taborsky 2005; Hamilton et al. 2005;

Pelletier 2008).

1) Mildly aggressive behaviors:
a) Dorsal fin flare: A fish erects its dorsal fin, spreads other fins or gills and
displays.
b) Parallel swimming: Both fish synchronize their movements, but without
flaring fins.
c) Nips: Very short interactions in which one fish approaches its opponent

quickly and appears to nip at its body.

2) Highly aggressive behaviors:

a) Tail beat: Fish position themselves parallel to one another and push water at
their opponent with their tails

b) Chase: One fish chases the other rapidly across the aquarium, often attempting
to bite the target fish

c) Fight: Two fish bite at one another, often circling around and rolling in the
sand and making a great deal of body contact.

d) Mouth lock: Two opponents lock their mouths together and push at one

another violently.
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An interaction was defined as a single meeting between two fish even it included
several aggressive displays. For each interaction, | recorded the gender of the fish
involved, type of interaction, and its duration and location. I used percent time spent
interacting with intruders and rates of high-level acts as estimates of defensive costs.
Interactions in which both residents simultaneously interacted with an intruder were
considered separately from interactions between a single resident and an intruder.

| used two rules to determine the end of a trial. First, if a fish was evicted from the
territory and did not return to reclaim it for the next 30 minutes, | defined the end of the
trial as the time when the fish left. Second, if no high aggressive behaviors occurred for
30 minutes, | ended the trial at the last occurrence of such aggression. Originally | had
planned to include interactions for up to180 minutes, if no fish left and highly aggressive
behaviors continued. However, for all trials, data collection stopped before 180 minutes

using these two rules. | conducted 16 trials, eight for each treatment.

Data Analysis:

| used Anderson-Darling test to check whether data followed the normal
distribution. | used a log (x+1) transformation to normalize the rate of highly aggressive
acts used by residents to interact with intruders with and without a visual gap. | then used
an arcsine transformation to normalize the percent time resident females spent interacting
with intruders of different genders, and a log (x+1) transformation to normalize the rate
of highly aggressive acts used by males in two treatments. For all analyses, if the data
were not normally distributed and standard transformations did not normalize them, I

used nonparametric tests. All data analysis was carried out on Minitab 16 Statistical
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Software (2010), and means are reported £ SE.

To investigate whether visually distinctive areas between territories lower
defensive costs, | used two parameters; a) time spent in aggressive interactions; and b)
the number of highly aggressive acts used in defense. To test these parameters | used t-
tests. | used another t-test to compare the average duration of trials with and without a
visual gap. I then performed a second t-test to determine whether residents’ rates of
intrusion on their neighbors differed across treatments. A third t-test was used to examine
whether the proportions of intruders with which residents interacted differed with and
without the visual gap. | used a two-way ANOVA and follow-up Tukey tests to compare
the percent time males and females spent interacting with intruders in the two treatments.
To examine patterns of aggression in residents, | first performed a two-way ANOVA to
compare the rate of mildly aggressive acts across treatments and resident gender; |
compared rates rather than assessing numbers of acts because trials had different
durations. I could not analyze highly aggressive acts in females because they seldom used
such acts (see results), and accordingly | performed a t-test to compare percent of highly
aggressive acts for males across treatments.

To investigate whether the location of the preferred shell affected residents’
aggressive behavior, | performed Spearman rank correlations between the percent time
males and females spent in defense and preferred shells’ column numbers. | numbered
columns of shells one to four, with column one the nearest to the boundary and four
farthest from the boundary and thus adjacent to the aquarium’s side. For males only, |
also ran Spearman rank correlations on the columns of the preferred shells and the level

of aggression males employed to interact with intruders. | did these correlations for both
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treatments. | also examined whether residents showed a preference for particular shell
locations. For this test, | divided each territory into halves, the two columns of shells
nearer the boundary versus the two columns farther from the boundary. | then performed
Chi-square tests for males and females to determine whether preferred shells were more
often located in one half than expected by chance.

To examine how intruder gender affected residents’ responses, | used two-way
ANOVAs, and follow-up Tukey tests if needed, to analyze the percent time males and
females spent interacting with male and female intruders. | performed a t-test to
determine whether residents interacted with different proportions of male and female
intruders overall, and | then used t-tests to determine whether male and female residents
differed in the percentages of same-and opposite-sex intruders with which they
interacted. | performed a Pearson correlation analysis to examine whether the proportion
of intrusions by male residents was correlated with the number of intrusions in each trial.
Finally, for males, | used Mann-Whitney U tests to compare the rate of highly aggressive
acts used against male and female intruders in the two treatments.

To determine whether male and female residents responded differently to
increasing numbers of intrusions, | used Spearman rank correlations to test whether the
percent of intruders they interacted with was correlated with the total number of intruders
in trials with and without a visual gap. For this analysis, | counted only intruders chased

by males or females and did not include intruders chased by both members of a pair.
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RESULTS

On average, trials in which a visual gap was present lasted 50.14 + 7.93 min
(range: 18.31 - 78.08 min), and trials without a visual gap lasted 32.90 + 9.01 min (range:
11.07 - 85.43 min); this difference was not significant (t test: t (14 = 1.44, P = 0.17). Of
the eight trials without a visual gap, six ended because one or both members of a pair
were evicted (four males, one female, and one pair were evicted); only three of eight
trials with a visual gap ended due to eviction (three males). Overall, there were 1395
intrusions by residents into their neighbors’ territories, with 987 intrusions by males and
408 by females. The total number of interactions with intruders in all trials was 1156,
with 430 in trials with a visual gap (292 by males, 115 by females and 23 by both) and
726 in trials without a visual gap (548 by males, 140 by females and 38 by both). In both
treatments, pairs defended approximately a half of the aquarium (with the boundary at the
center). In the visual gap treatment, a high proportion of aggressive interactions occurred
along the mid-line of the tank (Fig. 2a), indicating that fish used it as their boundary. In
the no-visual gap treatment, most of the interactions again occurred near the center of the

aquarium (Fig. 2b) but were more widely dispersed.

Do visually distinctive areas between territories reduce defensive costs?

The presence of a visual gap significantly reduced the time residents spent in
territorial defense (t-test: t 14y = 2.82, P = 0.023). With a visual gap, residents defended
the territory 15.78 + 2.56 % of their time while they increase their time in defense to

36.70+ 6.98% in the absence of a visual gap. Visually distinctive areas, also, had a
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significant effect on residents’ aggression levels: with 1.61 + 0.77 acts per minute were
highly aggressive when there was no visual gap and only 0.15+ 0.04 acts per minute were

highly aggressive when a visual gap was present (t-test: t14y = 2.52, P = 0.040).

Effects of visual gap and resident gender on territorial defense:

Residents intruded on their neighbors’ territory less often when visual gaps were
present (1.73 £0.47 intrusions per minute) than when they were not (4.72 +1.08
intrusions per minute; t test: t 14y = 2.55, P = 0.031), and on average residents interacted
with similar proportions of intruders across treatments (with visual gap: 79.76 + 2.23%;
without visual gaps: 80.97 + 3.74%; t test: t (14) = 0.28, P = 0.787). A two-way ANOVA
on treatment and gender showed that there was a significant interaction between these
two factors (F (1, 28y = 6.66, n = 8, P = 0.015; Fig. 3). The presence of a visual gap reduced
time spent in territorial defense (Tukey test: P < 0.05). Resident gender also influenced
defense time (Tukey test: P < 0.05), with male residents spending a higher percentage of
time interacting with intruders than did females. With a visual gap, males defended the
territory 10.42 + 1.94 % of their time and females for 5.36 + 1.69% of their time. Without
a visual gap, males spent 30.13+ 6.65% and females spent 6.65 = 1.29% of their time in
defense. Thus when there was no visual gap males increased their defense time to a
greater degree than did females.

Residents’ rates of mildly aggressive acts did not differ significantly between
treatments (two-way ANOVA: F (1,28 = 2.97, P = 0.096), but did differ with resident
gender (F (1,28) = 8.23, P = 0.008.), with average rates higher in males (males: 2.07+ 0.43

acts per minute; females: 0.74+ 0.21 acts per minute). There was no significant
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interaction between treatment and gender (F (1, 28) = 1.20, n = 8, P = 0.283). Visually
distinctive areas between territories, however, had significant effect on males’ aggression
levels, with 39.27 £ 0.11 % of interactions highly aggressive when there was no visual
gap and only 11.08 + 0.03 % of interactions highly aggressive when a visual gap was
present (t-test: t 14y = 2.45, P = 0.049). Statistical comparisons of highly aggressive acts
by females were not possible because they performed such acts infrequently. Nine of the
16 females never acted highly aggressively, and the average rate of highly aggressive acts
per female was 0.15 £+ 0.01 without a visual gap and 0.08 £+ 0.04 with a visual gap.

The percent time resident males spent in defense was not significantly correlated
with the position of the preferred shell with respect to the boundary in either visual gap
(Spearman rank correlation: rs = -0.330, n = 8, P = 0.181) or no-visual gap treatments
(Spearman rank correlation: rs=0.111, n = 8, P = 0.683). Similarly, the position of the
preferred shell was not significantly correlated with the percent time resident females
spent in defense in either visual gap (Spearman rank correlation: rs=-0.162,n =8, P =
0.522) or no-visual gap treatments (Spearman rank correlation: rs =-0.028, n =8, P =
0.925). Females were more likely than expected by chance to prefer a shell in the half of
the territory away from the boundary (Chi square test: 2 = 4.50, df = 1, P = 0.034), but

males were not (Chi square test: 2 = 1.88, df =1, P = 0.172).

Effects of visual gap and intruder gender on territorial defense
Intruder gender also affected the territorial behavior of N. multifasciatus. For male
residents, a two-way ANOVA with time spent in defense as the response variable showed

a significant interaction between treatment and intruder gender (F (1,28)=4.25,n=8,P =
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0.049; Fig. 4a). Both intruder gender (Tukey test: P < 0.05) and treatment (Tukey test: P
= 0.01) had a significant effects on time spent in defense. Males spent only 0.37 + 0.13 %
of their time in aggressive interactions with female intruders, but they increased the
proportion of time they interacted with females to 2.58 + 0.95% when there was no visual
gap, about a seven-fold increase. Males’ interaction time with male intruders increased
from 10.05 = 1.99 % when there was a visual gap to 27.14 + 6.88% when there was not, a
relatively smaller increase. Females similarly spent more time in interactions with same-
sex intruders (two-way ANOVA: F @1,28) =6.08, n = 8, P = 0.020; Fig. 4b). In contrast to
males, however, in females there was no significant main effect for treatment on
territorial behavior (F (1,28) = 0.97, n = 8, P = 0.334) and no significant interaction
between treatment and intruder gender (F (1, 28) =0.08, n = 8, P = 0.783).

Although the proportion of intruders with which the residents interacted was not
significantly different across treatments (see above), overall residents interacted with a
higher proportion of male intruders (62.46 + 4.41%) than female intruders (17.91 +
13.52%; t test: t 30y = 8.01, P < 0.001). Males interacted with a significantly higher
proportion of same-sex intruders (71.64 £+ 4.95%) than did females (33.38 £ 4.64%; t test:
t (30 = 5.64, P < 0.001). However, the proportion of opposite-sex intruders chased by
males and by females did not differ significantly (t test: t (30 = 0.85, P = 0.403).

Across all trials, the proportion of intrusions by males was positively correlated with the
number of intrusions (Pearson correlation: r = 0.543, n = 16, P = 0.030).

As expected, intruder gender also influenced the level of aggression males used in

interactions, with males more likely to use highly aggressive acts against males in both

treatments. Without a visual gap, males performed highly aggressive acts against male
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intruders at an average rate of 1.44 + 0.69 per minute and against female intruders at 0.02
+ 0.02 per minute (Mann-Whitney U test: U 14y = 2, P = 0.002). With a visual gap, on
average they performed 0.07 £ 0.01 highly aggressive acts per minute towards male
intruders and 0.005 + 0.003 highly aggressive acts per minute towards female intruders

(Mann-Whitney U test: U (14y = 0, P = 0.001).

Residents’ responses to increasing numbers of intruders:

To determine whether male and female residents responded differently to
increasing numbers of intrusions, | tested whether the percent of intruders each gender
interacted with was correlated with the total number of intruders in trials with and
without a visual gap. When there was no visual gap, the percent of intrusions to which
males responded was positively correlated with the number of intrusions (Spearman rank
correlation: rs=0.762, n = 8, P = 0.028; Fig. 5a), but for females those two variable were
negatively correlated, although this trend was not significant (Spearman rank correlation:
rs =-0.333, n =8, P = 0.420; Fig. 5a). In the presence of a visual gap, neither male
(Spearman rank correlation: rs= 0.275, n = 8, P = 0.509; Fig. 5b) nor female (Spearman
rank correlation: rs = -0.048, n = 8, P = 0.910; Fig. 5b) interactions were significantly

correlated with an increasing number of intrusions.
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DISCUSSION

Differences in overall defensive costs and intruder gender affected how male and
female N. multifasciatus defended their territories. In the presence of a visual gap, an area
between territories without structural landmarks or resources, defensive costs for the
resident pair were lower, as estimated by a) time spent in aggressive interactions; and b)
the number of highly aggressive acts used in defense.

It is arguable, that the increased inter-territorial distance in visual gap treatment
may have contributed to the decrease in interactions. However, the fish in the visual gap
treatment clearly defended the empty space, and a high proportion of aggressive
interactions occurred at its center. In contrast, in the no-visual gap treatment, aggressive
interactions were more widely distributed across the central third of the aquarium,
suggesting that the territorial boundaries may have been less precisely defined. Thus the
shell-free space between territories might have resulted in fewer intrusions, by acting as a
visual landmark that reduced defensive costs. When boundaries between territories are
well defined, inadvertent intrusions into neighboring territories may decline (Stamps
1998; Eason et al. 1999; LaManna and Eason 2003). Individuals may also be less able to
identify when a rival has entered their territory when boundaries are indistinct (Eason et
al. 1999). Accordingly, territory holders may more frequently approach their territorial
borders, which would tend to increase the frequency of aggressive interactions between
neighbors (Eason and Hannon 2003). Territory boundaries are often demarcated by
distinct, naturally occurring (Welsh 1975; Craig 1979; Hixon 1981; Reid and

Weatherhead 1988) or man-made (Ficken 1962; Potter 1972; Eason et al. 1999; LaManna
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and Eason 2003) landscape features or by a specific signal such as scent marks or
scratched substrates (Gosling and Roberts 2001; Lewis and Moorcroft 2001, 2006;
Hamelin and Lewis 2010). However, the current study differs from earlier work in that
the absence of a structure created a discontinuity that formed the territorial boundary.
This study is the first to suggest that the absence of a structure or a resource-free space
between territories can be used as a visual landmark.

In this study, the decrease in defensive costs associated with the presence of a
visual gap between territories was mainly driven by fewer intrusions by residents into the
neighboring territory. Pairs interacted with the same proportion of intruders in both
treatments regardless of the rate of intrusions, and pairs spent more time in defense when
intrusions were more frequent. Males were more sensitive to the effect of increased
defensive costs. They spent a relatively greater amount of their time interacting with
intruders when no visual gap was present than did females and increased the use of
highly aggressive acts. Males also interacted with an increasing proportion of intruders as
the number of intruders increased. In contrast, females did not significantly increase the
time they spent interacting with intruders when there was no visual gap, rarely used
energetically costly, highly aggressive acts to interact with intruders, and did not increase
the proportion of intruders with which they interacted as intrusions increased. It should be
noted, however, that this study examined behavior during territorial establishment;
females might have shown higher aggression levels after laying eggs or after offspring
hatched (Itzkowitz and Nyby 1982; Itzkowitz 1985; Desjardins et al. 2006). The different
responses of males and females could have been due to the increases in intrusions being

driven mainly by male intruders, given that male residents were more likely to interact
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with male intruders than were females. Males’ increased tendency to intrude may reflect
their possibility of attracting an additional mate.

The aggressive behavior of residents may also be affected by the location of
preferred shell in the territory. Arguably, if the preferred shell is near the territory
boundary, rather than toward the interior of the territory, the resident might interact more
frequently with intruders due to spending more time near the boundary (Eason and
Hannon 2003). However, in this study, the position of the preferred shell was not
significantly correlated with the time resident males and females spent in defense nor
with the level of aggression males used in interactions with intruders. A gender-related
shell preference was observed only in females, which preferred shells in the half of the
territory farther from the boundary. Females may reduce their interactions with intruders
by spending more time far from the boundary. Alternatively, this preference could be
linked to the offspring care provided by the female. In Lamprologus toae, another Lake
Tanganyika cichlid, males mainly defend the peripheral area of the territory, while
females defend the inner area, allowing one parent, the female, to stay near the young all
the time (Nakan & Nagoshi 1990). This division of roles in defense observed in L. toae
enhanced brood protection. Such clear division was not seen in N. multifasciatus,
however, as males did not have a significant preference for a particular half of the
territory.

In general, males spend much of their time defending territories while females
care for offspring (Smith-Grayton and Keenleyside 1978; Itzkowitz 1984; Wisenden
1994). Here | found that, relative to males, females make a smaller but still substantial

contribution to territorial defense, particularly when overall defensive costs are low.
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Females spent about 5% to 6% of their time in defense with and without a visual gap.
Some other studies have found that even males often spent relatively small percentages of
their time in defense, with males of varied species defending territories 0.25%-10% of
their time (fish, Craig 1996, LaManna and Eason 2003; birds, Salomonson and Balda
1977, Hixon et al. 1983; mammals, Smith 1968, Zegers 1981), which suggests that
females’ contribution can be significant. In our study species, females with young may
shift their attention to offspring care and brood defense. Female contributions might thus
be greater during the early stages of territorial establishment and defense, when |
observed them. Alternatively, it is possible that female defense is significant in other
species but has generally been overlooked because of the often more obvious behavior of
males.

Previous studies suggested that intruder gender may also influence territorial
behavior of individuals (Levin 1996b; Bard et al. 2002; Harding et al. 2003). Intrasexual
aggression was much more frequent than intersexual aggression in N. multifasciatus
territorial pairs. Intruder gender also influenced the level of aggression males used during
interactions, with males more likely to use highly aggressive acts against males than
female intruders. These observed gender differences in territory defense may be largely
driven by differing selection pressures on each sex. Greater intrasexual aggression is not
surprising for males, as the loss of a territory is very likely to decrease their fitness. On
the other hand, if intruders are of the opposite sex, the male territory holder is unlikely to
be threatened by eviction (Levin 1996b; Morton and Derrikson 1996; Appleby et al.
1999) and might even benefit from polygamy (Galeotti et al. 1997). Schradin and

Lamprecht (2002) concluded that the increased female intrasexual aggression observed in
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wild populations of N. multifasciatus could have driven by the competition for snail
shells. In a similar species, Lamprologus ocellatus, females competed intrasexually for
shells and showed strong territoriality to the point that a smaller female was not able to
settle near a bigger one even when snail shells were not limiting (Brandtmann et al.
1999). The presence of another female near the resident female’s spawning site may
result in her having to share the protection provided by the male to territory and
offspring.

This study provides a base for developing an understanding of gender differences
during territorial defense and also suggests new avenues for investigation into the nature
of territorial boundaries. Females only slightly increased their territorial behavior when
the defense became more costly, suggesting that at least in some species females’
contribution to territory defense may vary relatively little regardless of overall costs. This
could be tested by manipulating defensive costs to a greater degree, or through field
studies on species in which wide variation in costs already exist. This study also suggests
that an investigation of how females modify their territory defense prior and after the
arrival of offspring would be useful to understand females’ degree of flexibility in
territorial behavior, overall contributions to territorial defense, and priorities and energy
allocation under different circumstances. In fish (Chellappa et al. 1989; Smith and
Wootton 1995, 1999), as well as in other taxa (Riechert 1988; Marler and Moore 1989;
Hack 1997; Spence and Smith 2006), even a relatively short territorial contest or other
aggressive interaction can be energetically costly. Hence selection would favor
individuals who accept a resource-free visually distinctive area as a designator of a

territory boundary. Utilizing such visual gaps to separate territories could also be
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applicable for animal welfare, through managing aggressive behavior in captivity. Future
work should address whether individuals fight more intensely at the visual landmarks or
avoid interacting there, as well as investigate how boundary areas without resources are
defended in the field. Such boundaries commonly occur among, for example, birds that
feed in savanna trees, hummingbirds defending multiple patches of flowers, and lizards

defending rock piles.
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Figure 1: Two treatments with different defensive costs.
Left: High defensive cost treatment with no visual gap. Right: Low defensive cost

treatment with a visual gap. The empty snail shells are represented by circles.
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Figure 2a: Mean number of interactions that occurred at different locations of the
tank with the visual gap.

Error bars indicate the standard error.
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Figure 2b: Mean number of interactions that occurred at different shell columns in
the no-visual gap treatment.

Error bars indicate the standard error.
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Figure 3: The percent time residents spent interacting with intruders under
different defensive costs.

The presence of a visual gap reduced time spent in territorial defense, and males spent a
higher percentage of time interacting with intruders than did females (two-way ANOVA:
F (1,28)= 6.66, n = 8, P=0.015). Light and dark bars indicate no visual gap and visual gap

treatments, respectively. Error bars indicate the standard error.
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Figure 4a: Percent time males spent interacting with intra and intersexual intruders
in visual gap (dark bars) and no-visual gap (light bars) treatment.

The presence of a visual gap reduced time spent in territorial defense, and males spent a
higher percentage of time interacting with intruders than did females (two-way ANOVA:

F (1,28)= 6.66, n = 8, P=0.049). Error bars indicate the standard error.
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Figure 4b: Percent time females spent interacting with intra and intersexual
intruders in visual gap (dark bars) and no-visual gap (light bars) treatment.
Females spent more time interacting with same-sex intruders but there was no significant
interaction between treatment and intruder gender (F (1, 28y = 0.08, n = 8, P = 0.783). Error

bars indicate the standard error.
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Figure 5a: Percent of intruders that resident males (open squares) and females
(filled squares) interacted with in the absence of a visual gap.

The percent of intruders that males interacted with increased as the total number of
intruders increased (Spearman rank correlation; rs = 0.762, n = 8, P = 0.028), but the
percent that females interacted with was negatively correlated, although the effect was

not significant (Spearman rank correlation; rs = -0.333, n = 8, P = 0.420).
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Figure 5b: Percent of intruders that resident males (open squares) and females
(filled squares) interacted with in the presence of a visual gap.

There was no significant relationship between the number of intruders and the percent of
intruders with which resident males (Spearman rank correlation; r; =0.275,n =8, P =

0.509) or females (Spearman rank correlation; rs = -0.048, n = 8, P = 0.910) interacted.
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CHAPTER II

EFFECTS OF LANDMARKS ON THE LANDSCAPE OF AGGRESSION

Although the defense of a territory is one of the primary determinants of
reproductive success and thus of individual fitness (Brown 1964; Eberhard and Ewald
1994; Keeley 2000), this behavior can be costly to the territory holder. Hence, territory
owners display a variety of behaviors that apparently serve to reduce defensive costs. One
means of reducing defensive cost is to select a site that has clearly delineated borders. A
number of previous studies suggest that many territorial animals tend to establish
territories so that boundaries are situated at conspicuous landmarks (Kodric-Brown 1978;
Kruuk 1978; Reid and Weatherhead 1988; Eason et al. 1999; LaManna and Eason 2003).
In certain species territorial individuals may themselves construct landmarks. For
example, male Boddart’s goggle-eyed goby (Boleophthalmus boddarti) delineates the
polygon-shaped territories by erecting mud walls around the margins (Clayton 1987). In
addition, although the idea has yet to be formally tested, many nest and bower-building
cichlid fishes may similarly use the extensive excavations they undertake as boundary
markers.

Two hypotheses have been proposed to explain the adoption of landmarks to
define territorial boundaries; the unilateral advantage hypothesis and the landmarks as

conventions hypothesis. The unilateral advantage hypothesis predicts that individuals will
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be benefited from adopting landmarks, irrespective of whether rivals themselves use
them, because landmarks make it easier for a resident to detect when an intruder crosses
the boundary, hence avoiding unnecessary conflict (Eason et al. 1999). Alternatively, the
convention hypothesis suggests that landmarks could act like conventions for territory
partitioning, allowing neighbors to rapidly coordinate and mutually settle on a boundary
position to avoid the costs associated with fighting or displaying, even to the detriment of
one of them (Mesterton-Gibbons and Adams 2003).

Although a number of recent studies identify the significance that landmarks
could have on individuals by lowering defense costs (see Heap et al. 2012 for review),
their effects on the landscape of overall aggression have rarely been investigated. The
space-partitioning interactions of contiguous neighbors or potential settlers determine the
ultimate territory size or the density of territory owners (Stamps 1990; Adams 2001), and
thus the population dynamics of territorial species (Morrell and Kokko 2005). However,
these social interactions of territorial individuals could be greatly affected by the presence
of visual landmarks. Landmarks are capable of reducing the frequency of aggressive
interactions, the rate of territorial displays (Smith 2011; LaManna and Eason 2003) and
the intensity level of fights (LaManna and Eason 2003). These behavioral adjustments of
space use in response to the presence of a landmark can exert strong effects on the overall
population dynamics of territorial species. Hence, an understanding of the role of
landmarks in animal contests provides a link between behavioral decision-making and
population dynamics, which has been viewed as a major goal in ecology (Kokko and

Sutherland 1998; Smith et al. 2000a; 2006).
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In this field study, | examined the territorial behavior of Hypsophrys
nicaraguensis neighbors to understand how they would alter the space partitioning
interactions as a response to the presence of a landmark. H. nicaraguensis is a substrate-
brooding cichlid native to Northern Costa Rica and Nicaragua. In this sexually dimorphic
cichlid fish, an adult male is 15cm in total length while an adult female is 8.5cm in total
length. These bi-parental breeding pairs dig one or more holes in sand to create a nest in
which to lay the eggs. They defend the area around it as the territory. Both the male and
the female are needed to successfully defend territories in their natural habitat (McKaye
1977). H. nicaraguensis is a good candidate to investigate effects of landmarks as they
defend territories in the sandy habitat. The sandy habitat of the study site lacked distinct
topographical features that could potentially be used as landmarks. Hence, this species is
ideal subject to investigate effects of landmarks by experimental manipulations. Size and
sexual dimorphism of H. nicaraguensis facilitates the accurate identification of
individuals during observations. In addition, due to the limited availability of breeding
substrates, their territories are contiguous and are readily available during breeding
season.

This study addressed three main questions.

1. Do landmarks affect the presence of defensive boundary zones?

2. Do landmarks increase the precision of territory boundaries?

3. Do landmarks affect the location of agonistic interactions?

| defined defensive boundary zone as an area in the territory that the territory

resident is still capable of defending, but functions as a buffer zone to reduce the
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aggression between contiguous neighbors. In order to understand how landmarks affected
the overall landscape of aggression, | observed the agonistic interactions that occurred

across the boundary that was shared by two conspecific neighboring pairs.
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METHODS

Study Site

The study was conducted in Lake Xiloa, Nicaragua, in December 2012 using
SCUBA. Experimental manipulations were conducted along the lake’s eastern shore at
depths from 8-15m in an area approximately 50m by 30m. This site is characterized by a
moderate slope, and the substrate is comprised of silt and sand, lacking any distinct
topographical features. As landmarks, | used plastic plants that were 6 cm wide and
similar in form to the naturally occurring Chara sp. in the lake. Fish swam through these
open-branched plants to chase intruders, indicating that they did not block the visibility or

the fish’s swimming.

Experimental Manipulation

First, I did a control experiment (N = 26) to determine whether the landmark |
selected altered pairs’ use of space. Once | located a H. nicaraguensis breeding pair, |
observed their behavior for 5 minutes to identify their territory boundary. I used chase
locations to outline the boundary, with the location of the chase considered to be the
position of the intruder when the resident initiated the chase (Breau and Grant 2002).
Then, | selected an area within the territory that was 20cm in diameter and | placed the
plant at the center of it. This selected area was away from both the breeding site and the
boundary. In two five-minute focal periods, | recorded the number of times the breeding

pair visited this selected area with and without the plant. With each breeding pair, |
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alternated which treatment occurred first and performed the second treatment after the
first, with a one-minute break to remove or place the plant.

For the experimental manipulation, I first located two adjacent breeding pairs of
H. nicaraguensis and observed their behavior for five minutes to identify the chase
locations of intruders (see above). These locations were marked on a scaled map of both
territories to outline the borders of the territories. Once the territory boundary was
identified, | recognized the midpoint of the shared boundary, at which the plastic plant
was placed. | observed neighbors’ agonistic behavior across the shared boundary for ten
minutes, with (N= 38) and without the plant (N= 38). | alternated which trial occurred
first and performed the second trial immediately after the first.

During this observation period | recorded face-offs that occurred between
neighbors and sketched the path of intruders chased. In a face-off, a challenging behavior,
two fish always participate, moving towards one another and then stopping, sometimes
backing away and repeating their movements. The midpoints of face-offs are useful to
identify the territory boundary because the two fish performing a face-off at a boundary
would do so at approximately equal distances from the boundary (LaManna and Eason
2003). To determine where a face-off occurred, I marked the locations at which the two
fish involved in the face-off stopped.

At the end of the 20-minutes of observation, | measured the distance between
breeding holes in two territories. | also measured the length and width of each territory.
Length was considered to be the greatest distance between territory boundaries while the
territory width was considered as the greatest distance between boundaries perpendicular

to the length. To estimate the sizes of breeding pairs, | placed a plastic ruler by each
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breeding hole, and waited until a fish aligned itself against it to read the closest
measurement. The developmental stage of offspring was also noted and they were
grouped into three categories as egg/wrigglers, fry and juveniles. Wrigglers are newly
hatched offspring with the yolk sac and poorly developed fins (Wisenden and Dye 2009).
The next free swimming stage is called fry. They are four to six weeks of age and two to
seven millimeters in length. After the second week of fry stage, parents may begin to lead
the brood away from the nest (McKaye 1977). The free-swimming juvenile stage, or the
age at which the offspring are no longer actively protected by the parents, is usually
achieved by the fourth or fifth week post-hatching. All the pairs that were observed in the
study belonged to the pre-migratory stage as they were found at the nest. I also recorded
the approximate length of fry when present. | marked all the observed territories with
yellow survey flags to prevent resampling; in addition, individuals vary widely in pattern,
making resampling unlikely. All observations were made at a distance of one to two

meters away from focal fish.

Data Analyses

In the control experiment, to determine whether the landmark | selected altered
fish’s use of space, I did a Wilcoxon signed-rank test.

To determine the presence of defensive boundary zones, | measured the distance
between two fish involved in face-offs with and without the landmark. For each trial, |
calculated the mean distance between fish during face-offs and compared it with and
without the landmark. To investigate whether landmarks are useful in precisely defining

territory borders, | used two different parameters: the distance to the boundary from the
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midpoints of face-offs (Fig. 7a) and the distance intruders were chased beyond the shared
boundary. To determine the variation of midpoint in face-offs, | selected face-offs with
similar lengths 0.3 cm) from both treatments and compared the mean distance to the
boundary from face-off midpoints with and without the landmark. In addition, for each
trial, I calculated the mean distance intruders were chased beyond the boundary and
compared it with and without the landmark. I also examined whether the distance
intruders were chased were correlated with the developmental stage of offspring. To
estimate relative location of interactions, | used two measurements. First, | identified the
midpoint of the shared boundary, which is the site where | placed the plant, and measured
the vertical distance to each face-off from this midpoint (Fig. 9a). Then, I calculated the
mean of this distance for each trial and compared it with and without the landmark.
Second, | compared the number of interactions that occurred across different 30° sections
of the boundary. | drew a line between neighbors’ nests, which | considered to be at 0°.
Then | counted the number of chases in the three 30° sections: +15°, 15° to 45°, and -15°
to -45° from the nest.

| used Mann-Whitney U test to compare the mean distance to the boundary from
the face-off midpoint with and without a landmark. Spearman rank correlation was used
to test whether the offspring stage was correlated with the distance that intruders were
chased. To compare the number of interactions that occurred across different 30° sections
of the boundary, 1 used a chi-squared test. I used Wilcoxon signed-rank tests for all the
remaining analyses.

All data analysis was carried out on Minitab 16 Statistical Software (2010), and

all means are reported + SE.
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RESULTS

The average length of a H. nicaraguensis territory was 89.64 + 4.73 cm while the
average width was 70.62 = 4.02 cm. The average distance between nests that belonged to
two adjacent neighbors were 1.00 £ 0.05 m. Males were 14.3 + 0.22 cm in total length on
average, while females were 8.87 + 1.40 cm in total length. Out of 38 pairs that |
observed, 7.9 % of them did not yet have eggs, 65.8 % had eggs or wrigglers in their
breeding sites, 18.4% had free swimming 1-2 mm long fry while the remaining 7.9% had
fry larger than 4.5 mm. In all trials, the total number of face-offs that occurred between
conspecific neighbors across the shared boundary was 321 with 119 in trials with the
landmark and 102 in trials without the landmark. Overall, residents were involved in 361
intruder chases, with 187 chases with the landmark and 174 without the landmark.

The control experiment demonstrated that the plant did not affect the pattern of
space use of territory holders when it was placed within the territory (Wilcoxon signed-
rank test: W 23y = 94.5, Z = -1.323, P = 0.191). With the plant present, fish visited the
randomly selected area 5.85 + 0.66 times per trial, and without the plant, the number of

entries to the same area was 6.42 + 0.61 per trial.

Do landmarks affect the size of defensive boundary zones?

Landmarks affected the amount of space between neighbors during aggressive
interactions. With the presence of a landmark, the mean distance between fish during
face-offs was 21.70 + 1.82 cm. However, there was nearly a three-fold increase in the

distance between interacting fish in the absence of the landmark (mean distance between
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fish during face-offs = 63.54 = 4.24cm). This increase in the space between fish, which is
nearly four times of the total body length of an adult male, was significant (Fig: 6;

Wilcoxon signed-rank test: W(sg) = 0.00, Z = -5.086, P < 0.001).

Do landmarks affect the precision of territory borders?

The precision of territory boundary was clearly affected by the presence of a
landmark. The face-offs that occurred with similar lengths were used for this comparison.
In these selected face-offs, the mean length of a face-off that occurred with the presence
of a landmark was 33.04 + 2.34 cm, while it was 33.56 £+ 2.35 cm when there was no
landmark. Although the mean length of these face-offs was similar in the two treatments,
the midpoint of the face-off varied significantly with and without the landmark. With the
presence of the landmark, the mean distance to the boundary from midpoints of face-offs
was 1.67 £ 0.52 cm; this value ranged from 0-6.90 cm. When the landmark was absent,
the mean distance to the face-off midpoints was 3.43 + 2.35 cm, which was a significant
different compared to the landmarked treatment (Fig: 7b; Mann-Whitney U test: U zg) =
483.0, Z = 3.116, P = 0.002). Also this later distance varied from 0-13.95 cm from the
shared boundary.

Landmarks affected how far a resident fish chased an intruder (Fig: 8; Wilcoxon
signed-rank test: W (sg) = 43.0, Z = -4.132, P < 0.001). With the presence of the
landmark, chases were short and ended 0.90 £ 0.71 cm before where the shared boundary
was located. However, on average, chases ended 15.91+ 3.54 cm past the boundary when

there was no landmark. This distance that residents chased the intruders was not
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significantly correlated with the developmental stage of offspring (Spearman rank

correlation: r; = 0.116, n = 64, P = 0.396).

Do landmarks affect where agonistic interactions occur along the boundary?

In order to determine whether landmarks affected the location of interactions, |
measured the vertical distance to each face-off from the midpoint of the boundary, which
was the site of the plant when it was present. There was a significant difference between
the location of interactions that occurred with and without the landmark (Fig: 9b;
Wilcoxon signed-rank test: W (sg) = 63.0, Z = -3.886, P < 0.001). On average, with the
presence of the landmark, face-offs occurred 2.25 + 0.89 cm away from the boundary
midpoint. Without the plant, the mean distance to a face-off from the boundary midpoint
was 6.09 £ 0.89 cm, which was nearly a threefold increase.

In addition, a total of 187 chases were recorded with the landmark, while 80.2%
of these chases occurred within the 30° angle from breeding holes. A similar number of
total chases (N= 176) were observed without the landmark, but only 42.0% of chases
occurred within the 30° angle. This change in the number of chases was significantly

different (Fig. 10; Chi-squared test: x 2= 54.37, df = 1, P < 0.001).
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DISCUSSION

The presence of landmarks at territory borders significantly affected the space
partitioning interactions and the overall landscape of aggression in H. nicaraguensis.
Landmarks influenced the presence of defensive boundary zones, precision of territory
border, and the location where interactions occur. The shorter distance between two
interacting fish indicated that landmarks reduced the size of boundary zones. Two lines of
evidence suggest that the territory boundaries were more precisely defined when such
landmarks were available. First, the midpoints of face-offs deviated less and were
positioned closer to the shared boundary. Second, landmarks made chases shorter,
making it less likely for a fish to intrude into the neighboring territory. In addition,
interactions that occurred along the boundary were concentrated near the landmark when
they were present.

The reduction in distance between neighbors during face-offs indicates that
landmarks must be providing them with more certainty in identifying the exact location
of the boundary and therefore may not pose a greater risk to approach it. Face-offs are
mildly aggressive acts (LaManna and Eason 2003) that are often used to keep a less
threatening intruder away from the resident’s territory. In H. nicaraguensis, these face-
offs are usually used against established neighbors (personal observation). Hence, if a
resident unintentionally crosses the border when challenging a neighbor, it will
significantly increase the risk of escalation and thus the costs associated with that
behavior. Hence, when the location of the boundary is uncertain, it may be cost effective

to leave a larger area in their territory and use it as a buffer zone. By doing so, the
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territory holder may be benefited as it will lower the risk of escalations that may occur
due to accidental intrusions and error in identifying boundary location. Overall, the
presence of the significantly larger defensive boundary zones may reduce aggression
between neighbors.

However, leaving a large area of the territory as a buffer zone may not always be
beneficial for the territory owner, as the size of the territory is vital particularly for the
territorial species that defend feeding territories. Such unused areas could become critical
when trying to maintain viable breeding populations under unfavorable environmental
conditions (Rolstad 1991; Lamberson et al.1994). Hence, those species may have to re-
asses the costs and benefits associated with the presence of large boundary zones. These
findings indicate that providing distinct structures such as landmarks could be useful in
maximizing the space use in species that defend feeding territories. However, for H.
nicaraguensis, abandoning some space in the territory as a buffer zone may not be
challenging as they do not feed in their territories (McKaye 1977).

Both the smaller deviation in face-off midpoints and shorter chases support the
hypothesis that landmarks are useful in clearly defining territory boundary. The deviation
of the face-off midpoints were less with the presence of the landmark, although the mean
length of face-offs were similar in both treatments. This indicates that fish do not have a
fixed boundary when there are no landmark, even when they face-off from the same
distances. A clear territory boundary may alter the risk of intrusion, thereby affecting
defense costs. Eason et al. (1999) identified several proximate explanations for how
landmarks might be useful in lowering defensive costs. First, individuals in adjacent

territories may accidentally intrude into their neighbor’s territories because the border
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between them is poorly defined, resulting in an increase in aggressive interactions. Also

territory holders may also be less able to identify when a rival has entered their territory.
Hence, they will intensify the border patrolling. Even without intruding into neighboring
territories, this behavior would tend to increase the frequency of aggressive interactions

between neighbors at territorial boundaries.

In addition, landmarks made chases shorter and hence, fish were less likely to
intrude into neighboring territories during chases. These shorter chases could be more
efficient because a territory owner knows how far it has to chase an intruder. Chases are
energetically expensive behaviors (Chellappa and Huntingford 1989) that were more
often directed towards unfamiliar intruders than established neighbors (personal
observations). Landmarks make it evident for both the resident and the intruder that the
costs are dramatically different at and beyond that point. Hence, landmarks may be useful
in educating not only the resident but also intruders about territory borders and costs
associated with them. On the other hand, these shorter chases could be more cost
effective as it may reduce the risk of offspring predation that could occur while a parent
is away chasing an intruder. Also, it will prevent chasing intruders in uncertain areas of
the territory, which could lead to unintentional escalations with neighbors.

Previous studies have found that landmarks could affect the intensity level
(LaManna and Eason 2003) and the frequency of agonistic interactions (Smith 2011).
However, little is known about whether landmarks would affect the location where
interactions occur. Both face-offs and chases tended to occur closer to landmarks when
such landmarks were available. For example, the number of chases that occurred under

two treatments did not vary significantly, but when the landmark was absent, only 40.0%
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chases occurred near the midpoint of the boundary while it doubled with the presence of
the landmark. This observation suggests that H. nicaraguensis are likely to alter where
they interact with neighbors depending on the availability of visual landmarks.
Landmarks indicate the precise location of the boundary; thus coordinating their behavior
to meet and interact with neighbors at that particular location could potentially lower the
risk of error made during the assessment of territory borders. However, it is arguable, that
the increase in interactions that occurred at the plant could be a result of accidental
meetings of fish that came to investigate the novel object or the potential food source,
given that these are herbivores. Nonetheless, the control experiment revealed that the
plant did not affect the number of visits residents paid to the particular region. Hence, it is
clear that the fish met at the landmark intentionally to settle disputes with neighbors.

By placing the landmark at the midpoint of the shared boundary, I increased the
possibility that fish would interact there even though that site may not necessarily have
been in their best interest. Fish centered most of their interactions near the landmark,
implying that fish mutually agreed to adopt it to demarcate the territory boundary.
Mesterton-Gibbons & Adams (2003) identified the conditions under which acceptance of
landmarks as conventions are likely to occur. These conditions include a situation where
a landmark divides a territory fairly, when the marginal value of increased territory size is
low, when both contestants are uncertain as to their relative fighting abilities, and when
the costs of fighting are high. Most of these conditions were observed in H. nicaraguensis
territoriality too. Mutual adoption of the landmark would have been an easier decision for
H. nicaraguensis as | placed the landmark at the midpoint of the already existing

boundary, which did not result in a change in territory size for either neighbor. In
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addition, the increase in territory size in unlikely to yield a higher benefit since H.
nicaraguensis defend non-feeding territories. Although adults are capable of aggressive
fights, they rarely engaged in them during the study period (personal observations). One
explanation for this behavior could be that the costs of fights are higher partly due to the
greater risk of fry predation at Xiloa. Although this information may support the
convention hypothesis, more robust experiments should be conducted to substantiate the
convention hypothesis.

In summary, findings of this study identify the effects of landmarks on the space
use and the agonistic landscape of territorial neighbors. Landmarks were useful in
precisely defining territory borders, making intruder chases shorter, and relocating
agonistic interactions. These effects could directly impact the overall defensive cost of a
territory. This is the first field study to experimentally demonstrate that landmarks are
useful in clearly defining territory borders. In addition, these results have important
implications for wildlife managers and captive breeders as they suggest that by providing
appropriate habitat features such as landmarks, we could maximize the use of space by
territorial species. Future studies might attempt to quantify the buffer effect by focusing
on the percent of intruders chased from different parts of the territory. Also, it will be
interesting to investigate whether territory-demarcating landmarks are selected and used
unilaterally or whether their function is derived by a mutual convention between

neighbors.
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Men Distance between fish in face-off
(cm)

No Landmark Landmark

Figure 6: The mean distance between fish during face-offs.
Fish left a larger area between them when interacting with one another in the absence of a
landmark (Wilcoxon signed-rank test: W sg) = 0.00, Z = -5.086, N = 38, P < 0.001). Error

bars indicate the standard error.
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Figure 7a: The schematic diagram: Measuring the distance to face-off midpoint
from the boundary.

The solid line indicates territory boundaries. The dotted line represents the length of the
face-off. The circle in the middle of the dotted line is the midpoint of the face-off. The
distance to face-off midpoint from the shared boundary is represented by the curly

bracket.
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Figure 7b: Mean distance to face-off midpoint from the boundary.
The midpoints of face-offs were closer to the boundary with the presence of a landmark
(Mann-Whitney U test: U g = 483.0, Z = 3.116, P = 0.002). Error bars indicate the

standard error.
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Figure 8: Mean distance to the boundary from the endpoint of the chase.
Chases were shorter with the presence of landmarks (Wilcoxon signed-rank test: W (sg) =

43.0,Z=-4.132, N = 38, P < 0.001). Error bars indicate the standard error.
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Figure 9a: The schematic diagram: Measuring the distance from the boundary
midpoint to face-off.

The solid line indicates territory boundaries. The dotted line represents the length of the
face-off. The circle in the middle of the shared boundary is the midpoint of the boundary.

The distance from the boundary midpoint to face-off is represented by the curly bracket.
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Figure 9b: Vertical distance from the boundary midpoint to face-offs.
Interactions tended to occur closer to landmarks when such landmarks were available
(Wilcoxon signed-rank test: W (sg) = 63.0, Z = -3.886, N = 38, P < 0.001). Error bars

indicate the standard error.
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Figure 10: The number of interactions that occurred at different locations of the

boundary.

More interactions occurred near the midpoint of the boundary when it had a landmark

(Chi-squared test: 3 % = 54.37, df = 1, P < 0.001).
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CHAPTER 111

MANIPULATING TERRITORIES VIA LANDMARKS

The territory boundary, within which the resident is intolerant of other
individuals, spatially defines the territory (Heap et al. 2012). Despite its significance,
little is known about how the social interactions between individuals may affect the
location of the boundary (Maynard Smith 1982; Stamps 1994; Adams 2001; Pereira et al.
2003), leading to a modification in territory properties. Intraspecific variation in territory
size and shape can affect individual fitness and the social interactions of a territorial
species (Hixon 1980; Scheoner 1983; Both and Visser 2000; Walkin et al. 2006). In
addition, such disparities among territories can have strong influences on the structure
and dynamics of territorial populations (Adams 2001).

Most theoretical and empirical work has focused on the optimization of territory
size, identifying resource distribution and defensive costs as primary determinants of
optimal size (Schoener 1983). In contrast, there have been few studies explicitly
investigating territory shape (but see Getty 1981; Ford 1983; Eason 1992; Eason and
Stamps 1992). Theoretical work on territory shape predicts that territories should be
round, and in nature, many territories do approximate a circle (Andersson 1978; Dill
1978; Hixon 1980; Adams 2001). The idea that a round territory is optimal is based on

the assumptions that defense costs are minimized in a round territory compared to an

57



elongated or irregularly shaped territory of the same size, and that resources are
distributed uniformly within the territory (Eason 1992).

However, in nature these conditions are not always met, and some studies suggest
that landmarks and uneven topography can affect territory shape and size by altering
demands of defensibility. For example, presence of landmarks has been shown to reduce
the size of territories in fish (Baylis 1974; Kodric -Brown 1978; LaManna and Eason
2003). In addition, Grant (1968) suggested that the shape of the pectoral sand-piper
(Calidris melatonos) territories is affected by the existence of a landmarked boundary.
The topography of the habitat affected the shape of red-capped cardinal, Paroaria
gularis, territories, as that particular shape made the identification and eviction of
intruders easier (Eason 1992).

In this field study, | examined the effects of landmarks on territory size, shape and
the location of territorial boundaries. Exploring the relationship between landmarks and
boundaries can provide important insights to understand the decisions related to boundary
formation and maintenance and the division of space between individuals (St-Louis et al.
2004; Smith 2011). Although we have little understanding of how flexible territorial
boundaries can be, responsiveness to changes in the landscape could benefit territorial
residents by reducing their defensive costs. Such responsiveness would also enable

researchers to manipulate territories to test theoretical predictions about territoriality.

This study consisted of two primary parts:
1. A field survey to determine whether the presence of a landmarked boundary

affects the size and shape of convict cichlid territories under natural conditions.
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2. An experimental manipulation of convict territories to determine whether these
cichlids would change the size, shape, and boundaries of their territories in

response to a landmark.

In this study, | observed the territorial behavior of Amatitlania siquia, a species in
the convict cichlid group. It is a sequentially monogamous, substrate-brooding cichlid
that provides bi-parental care for offspring (Alonzo et al. 2001). A pair of convicts
spawns in a breeding hole that is later used for keeping the offspring safe overnight
(Wisenden 1994b; 1995; Alonzo et al. 2001). | selected A. siquia for this study for several
reasons. It is the third most numerous cichlid at Lake Xilod (McKaye 1977) and the most
common species found in waters less than 15m deep (personal observations). Since
competition for breeding sites among cichlids in Lake Xilo4 is intense (McKaye 1977),
they tend to occupy any suitable substrate for spawning. This feature increased the
likelihood of success for the experimental manipulation, in which empty beer cans were
provided as artificial breeding sites. In addition, females are smaller than males and have
ventral color markings that are absent in males (McKaye 1986; Lehtonen et al. 2011).
This sexual dimorphism and the unique individual stripe patterns (personal observations)
facilitate accurate identification of individuals during observations. Moreover, both male
and female aggressively defend territories from conspecific and heterospecific intruders
(Alonzo et al. 2001), and successful territory defense is a central determinant of their

reproductive output (Keenleyside 1991).
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METHODS

Study Site

The study was conducted in Lake Xiloa, a neotropical crater lake in Western
Nicaragua using SCUBA. Both the preliminary survey and experimental manipulations
were conducted off the lake’s eastern shore at depths from 8-15m in an area
approximately 85m by 30m. This site is characterized by a moderate slope, and the
substrate is comprised of silt and sand, Chara sp. beds and scattered stone outcroppings
(Alonzo et al. 2001). This particular region of the lake was selected for the study because
the convict breeding pairs occur at their highest density at this depth due to substrate
availability, higher level of primary production and low numbers of larger cichlid fish

species (McKaye 1977; Alonzo et al. 2001).

Reconnaissance Survey

The survey was conducted in March 2011 for six consecutive days. Observations
were made from 0930 to 1130 and 1330 to 1530 hours daily. | identified breeding
territories by swimming parallel to the shore and looking for a male and a female that
were within close proximity (Snesker et al. 2011). Once | located a breeding pair, | began
data collection after five minutes of acclimation period. | observed the behavior of fish
from one to two meters away for 10 minute bouts. | recorded chase locations of intruders.
Location of a chase was considered to be the position of the intruder when the resident

initiated the chase (Breau and Grant 2002). | then used these locations to outline the
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territory boundary using the minimum convex polygon method (Mohr 1947). At the end

of the ten-minute observation period, | collected the following data from each territory.

1. Territory length: Greatest linear distance between territory boundaries

2. Territory width: Greatest distance between boundaries perpendicular to the
length

3. Total lengths of the breeding pair: Approximated the total lengths of a pair by
close observations and calibrated the approximations by
placing a model of the fish with known standard lengths next
to the breeding pair. Also, | set out rulers to measure the
distance between objects by which fish were still.

4. Stage of fry: Offspring were grouped into four categories as egg, wrigglers, fry
and juveniles. Wrigglers are newly hatched offspring with the
yolk sac and poorly developed fins (Wisenden and Dye 2009).
The next free swimming stage is called fry. They are four to
six weeks of age. After week six, fry metamorphosed into
juveniles. They have the adult stripe pattern and are ready for
a life independent of their parents (Wisenden et al.2008).

5. Topography of the territory: Territories were divided into three habitat types:
sandy, weed, and rocky habitat. | categorized habitats
according to the prominent features of the substrate.
Approximately, 80% of the weedy habitat was dominated by

Chara bed. Similarly, rock outcroppings covered nearly 80%
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of the surface of the rocky habitat. Rocks and weed were
sparsely distributed in sandy habitat and 80% of the substrate

was dominated by sand and silt.

During the survey, | observed a total of 104 breeding pairs of A. siquia. | marked

each territory observed with a survey flag to prevent resampling.

Experimental Manipulation

Experimental manipulations were conducted in December 2012 using SCUBA.
Study was confined to the sandy habitat of the lake’s eastern shore and data was collected
for eight consecutive days. | provided empty beer cans (12 cm in height and 6 cm in
diameter) as artificial breeding sites and allowed seven days for breeding pairs to nest.
The cans were placed at least two meters apart in order to make the territories non-
contiguous. As landmarks, | used open-branched plastic plants that were 6 cm wide and
similar in form to the naturally occurring Chara sp. in the lake and placed them 6 cm
from the can’s opening. Fish were readily visible through the plants, and residents swam
through the plants, which thus did not appear to affect their movement pattern. |
compared territories’ size, shape, and boundary location in trials without landmarks to
trials with a point landmark, one plant (N= 24) or a linear landmark, four immediately
adjacent plants (N= 24). | observed each pair’s behavior for 10 minutes with and without
landmarks, alternating which trial occurred first and performing the second trial 24 hours
after the first. All the observations were made from a distance of one to two meters from

fish, after allowing them up to five minutes to acclimate.
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The same techniques used in the preliminary survey were used to collect the

following data in the experimental manipulation.

1. Chases’ locations used to map territories
2. Length and width of territory
3. Total lengths of breeding pair

4. Stage of fry

In addition, | measured the distance from the nest to the boundary in two
treatments. Before trials, | determined where | would place plants. | then measured
distance from nest to the boundary in that direction in all trials, whether or not plants

were present.

Data Analyses

As a measure of territory shape, | used the ratio between territory length and
width. In order to compare territory sizes, | analyzed a scaled digital image of each
territory using ImageJ software.

In the reconnaissance survey, to eliminate the effect of varying degree of
landmark cover, | first determined the perimeter of each territory and then calculated the
percentage of boundary at the landmark. To investigate whether landmarked boundaries
affected the size of territories, first, | linearized data using log (x+1) transformation and
then performed a Spearman rank correlation. To examine whether landmarked

boundaries affected the shape of territories, | used another Spearman rank correlation
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between territory shape, i.e. length to width ratio and the percentage of boundary at
landmark.

In the experimental manipulation, | compared territory size, shape and boundary
location in trials without landmarks to trials with a point landmark or a linear landmark.
First, in order to determine whether the order of placing the landmark had a significant
effect on the response, | performed Mann-Whitney U tests. Then | combined data from
point landmark first and point landmark second treatments together. Similarly, |
combined data from linear landmark first and linear landmark second treatments together
too. I then used Wilcoxon signed-rank tests to analyze territory size, shape and the
distances from the nest to the boundary with and without landmarks.

All data analysis was carried out on Minitab 16 Statistical Software (2010), and

means are reported + SE.
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RESULTS

Reconnaissance Survey:

Out of 104 breeding pairs observed during the survey, 39.4% and 33.6 % of
territories were found in weedy and sandy habitats, respectively. Only 27.0% of the
territories observed were found in the rocky habitat. On average, male convicts were 4.86
+ 0.07 cm in total length, while females were 3.28 £ 0.06 cm in total length. Out of all the
breeding pairs observed, 11.21 % of them did not yet have eggs, 37.38 % had eggs or
wrigglers in their breeding sites, 36.45% had free swimming fry, while the remaining

14.95% had juveniles.

Do landmarked boundaries affect territory size and shape?

Two significant differences in territory properties were observed between
territories with landmarked boundaries and territories without landmarked boundaries.
First, the territory size decreased as the percentage of boundary at landmarked increased
(Fig.11; Spearman rank correlation; R%?=-0.815,n=104, P < 0.001).

Second, a significant difference in territory shape was also observed as the
percentage of boundary at landmarked increased (Fig.12; Spearman rank correlation; R?
=0.796, n = 104, P < 0.001). Territories were nearly circular in shape when less than
10% of the boundary was bordered by a landmark (length-to-width ratio: 1.05 + 0.02),
with mean overall lengths of 64.28 + 4.81 cm and widths of 62.18 + 4.97 cm, for an
overall mean diameter of 63.23 + 3.39 cm. Territory shape gradually became elongated as

the percentage of boundary at landmark increased. However, this pattern tended to be
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somewhat irregular and territories tended to shift between circular and elongated shapes
when approximately half of the territory was bordered with a landmark. Beyond 40%
landmark cover, there were two distinct groups of territories. The territories that were
more elongated in shape were always margined by longer linear landmark, such as a
boulder or a line of weeds. On the other hand, the territories that were more circular in

shape were margined by landmarks that resembled arc-shaped arrangements.

Experimental Manipulation:

Males observed during the experimental manipulation were 4.78 £ 0.08 cm in
total length on average, while females were 3.68 + 0.05 cm in total length. Out of the 48
breeding pairs observed, 52.08 % of them had eggs, 27.08 % had wrigglers in their
breeding sites and 20.83% had free swimming fry. On average, 29.71 + 4.08 chase
locations were recorded per trial in the point landmark treatment and were used to outline
territory borders. In the linear landmark treatment, an average of 24.19 + 3.89 chase
locations were recorded per trial, which I used to outline the territory border.

Whether focal pairs were observed first with or without landmarks did not
significantly affect territory size nor shape or the distance from the nest to the boundary

in either the point landmark or linear landmark treatment (see Appendix I).

Do landmarks affect territory size?
Landmarks affected territory size, shape, and the distance from the nest to the
boundary in both the point landmark treatment (see fig. 13a) and the linear landmark

treatment (see fig. 13b). Presence of a landmark significantly reduced territory size in
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both treatments. In the point landmark treatment, the mean territory size was 0.29 + 0.03
m? when there was no landmark but it was 0.24 + 0.03 m?when the landmark was present
(Wilcoxon signed-rank test: Z = -2.403, n = 24, P = 0.016). Similarly, in the linear
landmark treatment, territory size averaged 0.22 + 0.02 m? without landmarks but it was
0.16 + 0.01 m? with the landmark (Wilcoxon signed-rank test: Z=-2.714,n=24,P =

0.007).

Do landmarks affect territory shape?

In the point landmark treatment, territory shape was always nearly circular, with
mean overall lengths of 64.98 + 2.44 cm and widths of 57.44 + 2.49 cm, for an overall
mean diameter of 61.21 + 1.78 cm. Shape did not change across trials (Fig. 14a; mean
length-to-width ratio without landmarks = 1.14 + 0.02, with the point landmark = 1.18 +
0.03; Wilcoxon signed-rank test: W (o4 = 111.5, Z = -0.844, n = 24, P = 0.401). However,
in contrast to the point landmark treatment, a significant change in shape occurred in the
linear landmark treatment (see Fig. 13b). With the linear landmark, territories were more
elongated (length-to-width ratio: 1.86 £ 0.04) than when landmarks were absent (Fig.
14b; length-to-width ratio: 1.14 + 0.02; Wilcoxon signed-rank test: W (o4) = 0.0, Z = -

4.286, n =24, P < 0.001).

Do landmarks affect the distance from the nest to the boundary?
Boundary location changed across trials in both treatments. In the point landmark
treatment, when there was no landmark, the nest was near the center of the territory (Fig.

15a). Mean distance between nest and boundary was 23.28 + 1.54 cm, which was 48.21 +
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2.06 % of the territory diameter. With the point landmark, fish set their territory boundary
closer to the landmark; nests were a mean distance of 8.40 + 1.45 cm from the boundary,
equal to 25.01 + 1.93 % of territory diameter (Wilcoxon signed-rank test: W 24y =1.0, Z
=-4.229, P <0.001). A similar shift in territory boundary occurred in trials in the linear
landmark treatment. With no landmark, mean distance between nest and boundary
averaged 20.54 £ 1.14 cm, or 51.11 + 1.74 % of the territory diameter; however, with the
presence of the linear landmark, the boundary was only 3.71 + 0.38 cm from the nest, or
26.52 + 2.27 % of territory width (Fig. 15b; Wilcoxon signed-rank test: W o4y = 0.0, Z = -

4.286, P < 0.001).
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DISCUSSION

Results from the preliminary survey suggested that landmarked boundaries tend to
affect the size and shape of A.siquia territories. Territories found with a landmarked
boundary (margined with weed or rocks) tended to be more elongated in shape and
smaller in size. Sandy habitat lacked distinct structures that could potentially act as
landmarks, and territories on sand were nearly circular in shape and larger in size.
However, the landmarked territories observed during the survey lacked uniformity
because they were distributed across different habitats and were supported by differently
sized landmarks. For example, some territories in the rocky habitat were margined by a
several small rocks while others were lined with boulders. Similarly, in the weedy
habitat, there were territories bordered with a dense line of weed while others were
bordered with few plants. Landmarks also alternate visibility. Visibility would be lower
in weeds than on open sand, and lower visibility might have the same result as the
presence of landmarks, i.e. a smaller territory (Kalleberg 1958; Eason and Stamps 1992;
Imre et al. 2002). Moreover, the variation in food availability at different habitats would
have confounding effects on territory size. Territories in weeds are likely to be higher in
food availability compared to territories found in rocky and sandy habitats, and
theoretical analyses predict that higher food availability would result in smaller territories
too (Eberhard and Ewald 1994).

In order to eliminate the effects of this habitat heterogeneity, | confined the
experimental manipulation to the sandy habitat and tested each breeding pair with and

without landmarks. In addition, I investigated how the arrangement of a landmark
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affected the territory properties by providing one plant as a point landmark and four
adjacent plants as a linear landmark.

In the experimental manipulation, Amatitlania pairs rapidly adjusted their
territorial boundaries in response to the presence of a landmark. Similar to the
observations of the preliminary survey, landmarks affected the territory size and shape in
experimental manipulations. In addition, the location of the boundary in relation to nests
was also altered as a response to the presence of the landmark. Territories without
landmarks were nearly circular, in accordance with the generally accepted idea of the
optimal territory shape (Andersson 1978; Dill 1978; Hixon 1980; Adams 2001) with the
nest being approximately in the center. A centrally located nest is likely to facilitate
brood defense against predators. When either one or four plants were present, fish set
their territorial boundary near that landmark and thus the nest. In addition, similar to the
observations of the preliminary survey, territories were significantly smaller with the
presence of landmarks. With the point landmark, territory shape did not change, but when
the linear landmark was present the territories were significantly more elongated.

With the presence of landmarks, convicts moved their territory boundary within a
24-hour period, and they moved it a fairly large distance. For example in the point
landmark treatment, the boundary shifted 14.9 cm between trials, a distance that was
23.8% of the mean territory diameter with a landmark present. This remarkable shift in
territory boundary demonstrates that fish preferentially situated their boundary at visual
landmarks when such landmarks were available. The willingness of fish to move the
boundary closer to the nest suggests that landmarked boundaries provide benefits, given

that having the boundary near the nest may increase the risk of predation of fry. In other
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species, setting boundaries at landmarks is strongly linked with a reduction in defensive
costs (Eason et al. 1999; LaManna and Eason 2003; Heap et al. 2012). Clearly defined
boundaries can allow residents to easily determine when another individual has intruded
and can reduce time spent defending against neighbors (Eason et al.1999). Although
conspicuous landmarks could lower the defensive costs, adjusting territory boundaries is
possible only when territories are not contiguous (Eberhard and Ewald 1994; Sherman
and Eason 1998), or when individuals are not highly territorial (Mares et al. 1982;
Sullivan and Klenner 1992). Territories observed in this study were not contiguous and
were found far apart allowing fish to rapidly adjust the boundaries to obtain the benefits
of visual landmarks.

The reduction in territory size observed with the presence of landmarks indicates
that it is beneficial to defend a smaller territory with well-defined boundaries compared
to a larger territory with undefined borders. This decline in territory size was mainly
driven by the relocation of the border closer to the landmark by giving up an area that
was not clearly defined. If fish needed to defend a territory with a fixed size, then they
would still try to maintain it by extending other borders, but such alternation was not
observed in this study. There could be two possible explanations for this reduction in
territory size. One is that it could be too costly to chase intruders that are farther away as
they are less threating, in order to maintain a set territory size. On the other hand, if
residents extend their territory boundary, chasing intruders farther away, they may risk
the defense of fry as it will take longer for residents to get back to the nest to protect
offspring from predators after a chase. Similar reduction in territory size in the presence

of landmarks has been reported in previous laboratory experiments (LaManna and Eason
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2003; Van den Assem 1967) as well as on Kodric-Brown’s field work on pupfish
Cyprinodon sp. (1978).

Despite the presence of a point landmark has the potential to clearly define
territory boarders, it may not be substantial to alter the optimal round shape of the
territory. Territories observed in the survey were often bordered with a line of weed or
rocks and were elongated in shape, similar to the territory shape seen in the experimental
manipulation with the linear landmark. One possibility for the alteration of the territory
shape is that the fish may mimic the longer shape of the landmark making the territory
shape longer too. A similar alteration of territory shape was reported in pectoral sand-
piper (Calidris melatonos) territories that were found with and without landmarked
boundaries (Grant 1968). It is arguable, that the four plants provided to breeding pairs as
a linear landmark may act like a visual barrier leading to the changes observed in territory
shape. However, fish were readily visible through the plants, and they effortlessly swam
through these open-branched plants, frequently chasing intruders on the opposite side of
the plants. These behaviors indicated that the landmarks did not act like an obstruction
although they could add structural complexity.

In summary, findings of this study suggest that a simple landmark could be easily
used to alter the optimal shape of a territory. Landmarks affected territory size, shape and
the location of the boundary. The willingness of fish to allow these modifications in
territory properties indicates the benefits of having a landmark at the boundary. Visual
landmarks are capable of lowering defensive costs by clearly defining territory
boundaries. This is the first field study to suggest that landmarks can affect both the size

and the shape of territories by altering where territory boundaries are located. Future
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studies should address the costs and benefits associated with landmarks over extended

periods of time in order to fully understand their effects on territory boundaries.
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Figure 11: The size of territories observed in the survey with varying degree of
landmark cover.

The territory size decreased as the percentage of boundary at the landmark increased.
(Spearman rank correlation; rs = -0.815, n = 104, P < 0.001). Data were linearized using

log (x+1) transformation.
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Figure 12: The shape of territories observed in the survey with varying degree of

landmark cover.

The shape of territories changed from circular to elongated as the percentage of boundary

at the landmark increased (Spearman rank correlation; rs = 0.796, n = 104, P < 0.001).
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Figure 13a: Scaled diagram of territories with no landmark and a point landmark.
Territory shape was always nearly circular, but when a point landmark was present, fish

moved their territory boundary close to the landmark and thus the nest.

Figure 13b: Scaled diagram of territories without and with a linear landmark.
With the landmark, territories were more elongated than when it was absent. When the
linear landmark was present, fish moved the territory boundary closer to the landmark

and thus the nest.
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Figure 14a: Territory shape with no landmark and with the point landmark.
Territory shape was always nearly circular and did not change across trials (W (24) =

111.5,Z =-0.844,n = 24, P = 0.401).
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Figure 14b: Territory shape without a landmark and the linear landmark.
A significant change in shape occurred with the presence of a linear landmark. With the
landmark, territories were more elongated than when the landmark was absent (Wilcoxon

signed-rank test: W 24y = 0.0, Z = -4.286, N = 24, P < 0.001).
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Figure 15a: Distance to the boundary from the nest, with no landmark and the point
landmark.

When there was no landmark, the nest was near the center of the territory but convicts
moved the boundary closer to the nest when the point landmark was present (Wilcoxon

signed-rank test: W (24 = 1.0, Z = -4.229, N = 24, P< 0.001).
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Figure 15b: Distance to the boundary from the nest, with no landmark and with the
linear landmark.

Convicts moved the boundary closer to the landmark and the nest when the linear
landmark was present (Wilcoxon signed-rank test: W 4y = 0.0, Z = -4.286, N = 24, P <

0.001).
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CONCLUSION

The main objective of my dissertation was to investigate how landmarks affect
territorial behavior using cichlid fishes as the study species. I first studied how visually
distinctive areas affected gender roles in territorial defense and then examined the effects
of landmarks on the landscape of aggression and territory properties. The results of my
dissertation clearly demonstrate that landmarks have strong effects on territoriality in
cichlid fish, and are likely to have been significant influences on population dynamics
and the evolution of the behavior.

In the first chapter, | describe laboratory experiments to investigate how
Neolamprologus multifasciatus residents respond to changes in defensive costs. | altered
defensive costs by using two different distributions of shells: one in which territories
were separated by a visual gap, a distinctive area without shells, and one without a visual
gap. This study showed that males and females responded differently to changes in
defensive costs, with males being more sensitive to the effect of increased defensive
costs. Given that male residents are more likely to respond to male intruders, the
increased responsiveness of males could be partly due to males having a stronger
tendency to intrude when a visual gap is absent. This study also suggests that, at least in
some species, females’ contribution to territory defense may vary relatively little

regardless of overall costs. This information would have been masked if I had only
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studied agonistic interactions between individuals of one sex, as most studies of territorial
behavior have done.

Another finding of this study is that the resource-free, visually distinctive space
between territories can function as a visual landmark to reduce the aggression between
territorial neighbors. The effects of visually distinctive areas on the behavior of animals
are particularly important to investigate because increasing and rapid development and
intrusions into natural areas by humans are likely to result in discontinuity in the habitat.
For example, the construction of roads across forests creates visually distinctive open
patches. Amazonian understory bird flocks were unwilling to cross such open areas and
used the man-made roads as their territory boundary (Develey and Stouffer 2001).
Interestingly, similar visually distinctive areas are also used by humans to demarcate the
political border zones, demilitarized zones and green belts. The significance of resource-
free areas as visual landmarks led to the development of the next two chapters of my
dissertation. To broaden the understanding of how these visual landmarks affect
territoriality in natural conditions, I conducted two field studies with Hypsophrys
nicaraguensis and Amatitilania siquia at Lake Xiloa in Nicaragua.

The second chapter of my dissertation mainly focused on investigating the effects
of landmarks on the landscape of agonistic interactions in H. nicaraguensis. In this field
study, I used plastic plants as landmarks and recorded aggressive behavior between two
conspecific neighbors with and without a landmark at the boundary. During face-offs,
which is a challenging behavior seen between neighbors, | found that fish tended to leave
a larger area between them when no landmark was present. This larger area between

interacting fish may function as a buffer zone to lower defensive costs because it will
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reduce the risk of escalation that may occur as a result of accidental intrusions. The
reduction in distance between interacting neighbors in the presence of landmarks
indicates that landmarks must be providing the fish with more certainty in identifying the
exact location of the boundary and therefore they do not face a greater risk in
approaching it. However, leaving a large unused area in the territory could become
critical for wildlife managers trying to maintain viable breeding populations under
unfavorable environmental conditions. Hence, this study suggests that providing distinct
structures such as landmarks could be useful in maximizing the use of space in territorial
species. In addition, this work revealed that landmarks are useful in precisely defining
territory borders and making fish interact at landmarks when such landmarks are
available. These factors may have contributed to lower overall defensive costs by
decreasing accidental intrusions, providing easy identification of when an intrusion is
occurring, and reducing time spent in boundary patrolling. This is the first field study to
experimentally demonstrate that landmarks are useful in clearly defining territory
borders.

In my final chapter, I further investigated the effects of landmarks on territoriality,
mainly by focusing on the effects of landmarks on fundamental territory properties such
as size, shape, and the location of the boundary. Results of the preliminary survey
suggested that landmarks could have significant effects on territory size and shape. In the
experimental manipulation, | provided empty cans as breeding sites and used plastic
plants as landmarks. | observed each pair without landmarks and with either a point
landmark or a linear landmark placed near the nest. When landmarks were present, fish

set their territorial boundary near the landmark and thus the nest, and territories were
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significantly smaller. With the linear landmark, territories were elongated however, the
presence of the point landmark did not alter territories’ optimal round shape. The shift in
territory boundary demonstrates that fish preferentially situated their boundary at visual
landmarks when such landmarks were available. The willingness of fish to move the
boundary closer to the nest suggests that landmarked boundaries provide substantial
benefits, given that having the boundary near the nest may increase predation risk for fry.
The smaller territory size observed in the presence of landmarks suggests that it is more
beneficial to defend a smaller territory with well-defined boundaries than a larger
territory with undefined territory borders. The reduced size was mainly driven by
relocation of the border near the landmark, with pairs giving up an area lacking a clearly
defined boundary. This is the first field study to suggest that landmarks could affect both
territory size and shape.

The plastic plants I used in this experiment were similar to naturally occurring
Chara sp. in the lake. Convicts responded strongly to the presence of these “plants,”
suggesting that any process, such as eutrophication, that affects the availability of this
algae may result in significant modifications in fish behavior and territory properties. The
shore line of Lake Xiloa receives a rich influx of phosphorus from laundry detergents,
posing a higher risk for future eutrophication.

There has been an ongoing discussion about the functional basis for adopting
landmarks as territory boundaries and the findings of this research contribute to this
discussion but do not resolve it. The mutual adoption of the same landmark is the main
difference between the convention hypothesis and the unilateral advantage hypothesis. It

is arguable that H. nicaraguensis’s territoriality supports the convention hypothesis
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because both neighbors mutually adjust their territorial behavior as a response to the
presence of landmarks. However, it is difficult to exclude the unilateral advantage
hypothesis because, even in the absence of a contiguous neighbor, A. siquia still rapidly
adjusted their territory borders when landmarks were present. Such territory alteration
should not have occurred in the absence of neighbors if the convention hypothesis was
correct.

Overall, the findings of this study identify several significant features and roles of
visual landmarks. First, resource-free areas between territories can function as visual
landmarks, which are capable of affecting territorial behavior by lowering defensive
costs. My work also demonstrates the sex-related differences in responding to such
changes in defensive costs. Second, structures that function as landmarks can alter the
landscape of aggression by precisely defining territory borders, reducing the size of
defensive boundary zones, and shifting the location where agonistic interactions occur.
Third, these landmarks can affect territory properties such as territory size, shape, and
boundary location. These findings indicate that territory manipulations are extremely
useful in addressing fundamental questions about territory structure and function, the
evolution of territoriality, and the role in territoriality in population dynamics. In addition
to contributing to the knowledge base of territoriality, findings of this dissertation have
important implications for wildlife managers and captive breeders. Utilization of
resource-free areas to separate territories could also be applicable for animal welfare,
specifically for managing aggressive behavior in captive animals. It also suggests that by
providing appropriate habitat features such as visual landmarks, we could maximize the

use of space by territorial species and lower the defensive costs of a territory.
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Work described in this dissertation suggests new avenues for investigations into
the nature of territorial boundaries and landmarks. Future studies should address the
behavioral adjustments associated with landmarks over extended periods of time in order
to fully understand landmarks’ effects on territorial behavior. Identifying gender-related
differences in responding to landmarks will also shed light on the division of roles
between members of pairs defending a shared territory. Also, it will be interesting to
investigate whether territory-demarcating landmarks are selected and used unilaterally or
whether their function is derived by a mutual convention between neighbors under
different circumstances. Since a relatively short territorial contest or other aggressive
interaction can be energetically costly, it will be interesting to investigate whether
selection favors individuals who accept resource-free buffer zones and/or landmarks as

designators of a territory boundary.
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APPENDIX |

Statistics for combining data in point landmark and linear landmark treatments.

Treatment | Condition | Order Shape Size (cm”) Distance to the
boundary from
the nest (cm)

Point Point Landmark | 1.16 £0.10 2401.82 15.08 £0.01

landmark | landmark | 1% +493.73

Landmark | 1.19 +0.02 2376.49 13.77 £0.01
" (Mann-Whitney | +442.07 (Mann-Whitney U
U test: (Mann-Whitney U | test: U2=150.0,
U@22=150.0, test: U=149.0, P=1.000)
P=1.000) P=0.977)
No Landmark | 1.15 +0.63 2965.03 29.92 £0.45
landmark | 1° +539.92
Landmark | 1.14 £0.10 2869.44 28.54 £0.68
2”d (Mann-Whitney | +402.02 (Mann-Whitney U
U test: (Mann_Whitney §] test: U(22):130.5,
U@22=149.5, test: U=150.0, P=0.270)
P=0.744) P=1.000)
Linear Linear Landmark | 1.87 £0.71 1504.53 9.75 +0.36
landmark | landmark | 1% +104.73
Landmark | 1.86+0.20 1665.82 9.75 +0.34
2”d (Mann-Whitney | +189.04 (Mann-Whitney U
U test: (Mann_Whitney §] test: U(22):148.5,
U22=153.5, test: U z,=148.0, P=0.953)
P=0.862) P=0.417)
No Landmark | 1.16 +0.36 1902.50 24.33 £0.05
landmark | 1° +167.21
Landmark | 1.11 +0.62 2446.68 28.75%+0.10
ond (Mann-Whitney | +424.50 (Mann-Whitney U

U test:
U(22)=125.0,
P=0.157)

(Mann-Whitney U
test: U(22)=143.0,
P=0.708)

test: U(22)=122.0,
P=0.110)
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