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CHAPTER�IV�

IS�THE�GRASS�GREENER?���������������	��HOME�RANGE�FORMATION�AT�

DIFFERENT�ALGAL�DENSITIES�

�

���������	��


It�is�assumed�that�an�organism�will�favor�areas�with�greater�food�density�if�few�

costs�are�associated�with�exploiting�the�resource.��An�organism�feeding�in�a�dense�patch�

of�food�can�alter�its�time�budget�and�dedicate�more�to�time�to�other�activities,�such�as�

mating,�since�it�will�spend�less�time�foraging�(Hoffman�1983).��An�animal�may�reduce�

the�size�of�its�territory�if�food�is�abundant,�and�therefore�spend�less�energy�defending�its�

territory�(Carpenter�1987).��For�example,��
����������,�the�territorial�owl�limpet,�had�

smaller�territories�in�the�field�when�the�algal�density�was�high�(Stimson�1973).��Limpets�

are�macrophagous�generalist�grazers,�consuming�the�biofilm�found�on�rocky�intertidal�

substrata�(Underwood�1979,�Hawkins�&�Hartnoll�1983).��When�Stimson�(1973)�

experimentally�removed�the�algal�biofilm�from�the�rocks,�individuals�expanded�their�

territories.������

Stamps�and�Krishnan�(1999)�proposed�a�new�model�of�territory�formation�in�

which�the�experience�of�individuals�dictates�what�locations�they�repeatedly�visit�and�what�

locations�they�avoid.��The�authors�suggest�that�affiliative�experiences�increase�the�

likelihood�that�an�animal�will�return�to�an�area�while�agonistic�experiences�at�a�site�will�

decrease�the�likelihood�of�their�returning�to�that�site.��These�assumptions�are�based�on�the�

initial�stages�of�territory�establishment�when�an�organism�is�beginning�to�explore�a�novel�
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area.��Affiliative�experiences�could�consist�simply�of�a�lack�of�agonistic�encounters�in�a�

new�habitat�or�an�increase�in�habitat�quality�such�as�higher�food�density.���

Optimal�foraging�theory�addresses�the�costs�and�benefits�an�organism�experiences�

while�acquiring�a�food�resource�(Aronson�&�Givnish�1983,�Pyke�1984).��Costs�can�

include�searching/handling�times,�exposure�to�a�potential�predator,�and�energy�

expenditures.��While�an�animal�is�foraging,�it�is�exposed�not�just�to�predation,�but�also�to�

the�hazards�of�injury.��Berger?Tal�et�al.�(2009)�placed�nails�and�razor�wire�throughout�an�

experimental�area�to�demonstrated�that�red�foxes�forage�at�a�slower�rate�when�in�a�

dangerous�patch.��A�slower�foraging�rate�increases�the�costs�of�foraging�by�increasing�the�

time�an�individual�must�spend�foraging�in�one�patch.��Organisms�must�make�decisions,�

which�weigh�the�risks�against�the�reward,�with�the�ultimate�goal�of�reproductive�success.���

In�the�rocky�intertidal,�wave�energy�is�a�significant�environmental�variable�(Judge�

1988,�Denny�&�Blanchette�2000,�Jenkins�&�Hartnoll�2001).��Waves�can�dislodge�both�

mobile�and�sessile�organisms�from�substrata�(Denny�1985,�2006).��In�the�case�of��
����

������,�the�potential�cost�of�being�swept�off�a�rock�(death)�may�affect�the�decision�of�

whether�or�not�to�forage;�in�other�words,�the�decision�to�remain�still�or�move.��Wright�and�

Nybakken�(2007)�determined�that�when�wave�height�exceeded�1�m,�����������

locomotion�was�reduced.��When�exposed�to�increased�drag�forces,�����������spent�less�

time�foraging�(Judge�1988).��If�����������is�moving,�it�is�more�susceptible�to�being�

dislodged�by�waves,�but�when�stationary,�it�is�difficult�to�remove�����������from�the�

substratum.���
����������,�like�other�homing�prosobranch�gastropods,�has�greater�

tenacity�than�other�gastropods�(Davenport�1988,�Hahn�&�Denny�1989).��Tenacity�is�the�

adhesive�strength�to�the�substrate�(Davenport�1997).��Limpets�have�higher�tenacities�
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when�they�are�stationary�than�when�they�are�moving�(Miller�1974).��When�exposed�to�

extreme�water�velocities�(25�m/s),�there�was�a�90.7%�survivorship�of�stationary�

individuals�(Denny�&�Blanchette�2000).��Denny�and�Blanchette�(2000)�found�that�it�took�

a�tensile�force�of�190�N�to�remove�a�stationary�limpet�from�glass,�but�only�38�N�to�

remove�a�moving�individual.���

The�purpose�of�this�study�was�to�determine�if�����������would�preferentially�

return�to�areas�with�abundant�food.��Because�����������is�territorial�to�protect�its�algal�

garden,�this�study�tested�the�assumption�that�the�number�of�visits�would�increase�to�areas�

with�greater�habitat�quality�(higher�food�density).�In�contrast�to�model�predictions,�

individuals�actually�avoided�areas�of�high�algal�densities,�suggesting�that�there�was�a�cost�

associated�with�these�sites.��It�appeared�that�����������were�physically�avoiding�the�tiles�

with�the�highest�algal�density,�but�they�would�graze�on�the�edges�of�these�tiles.��To�

determine�if�����������were�avoiding�the�high�algal�areas�due�to�a�decrease�in�tenacity,�

individuals�were�plucked�off�tiles�with�variable�algal�density�while�moving�and�the�force�

it�took�to�remove�them�was�recorded.���

�

����	���
���
������


��������������������	����������

Forty��
�����������were�collected�in�May�2008�in�Orange,�California�and�

shipped�overnight�to�Charleston,�Oregon.��Ten�individuals�were�selected�for�this�

experiment�(shell�lengths�26.5?45.95�cm).�The�experiment�ran�from�August�2008?

September�2008.���
�����������were�placed�in�individual�arenas�larger�than�their�

predicted�territory�(territories�are�correlated�with�limpet�size�(Stimson�1970)).��Arenas�
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were�made�of�unglazed�terra�cotta�tiles�placed�in�a�sea�table.�To�keep�individuals�inside�

their�arenas,�a�dowel�fence�was�constructed�and�placed�over�the�tiles�and�6�cm�long�

dowels�were�glued�vertically�to�the�shells�with�epoxy�(Figure�4.1).��When�an�individual�

encountered�the�fence,�the�dowel�prevented�the�individual�from�leaving�the�arena.��To�

mimic�high�tide,�individuals�were�splashed�with�water�for�4�hours�twice�a�day,�using�a�

dump�tank�located�above�the�arenas.�The�dump�tank�was�connected�to�a�flow?through�sea�

water�system.�Four�hours�is�approximately�the�amount�of�time�organisms�in�the�splash�

zone�of�the�rocky�intertidal�are�typically�exposed�to�waves.�As�in�the�field,�individuals�

only�moved�during�the�high�tides�(Stimson�1970,�Wright�&�Nybakken�2007).��The�wave�

speed�was�measured�by�recording�the�amount�of�time�it�took�for�water�to�move�from�the�

top�of�the�experimental�setup�to�the�bottom�(0.914�m).��The�wave�speed�was�1.2�m/s�+�

0.04�(average�+�SE,�n=20)�and�waves�occurred�every�43.8�seconds.���The�lighting�system�

was�a�high�output�fluorescent�fixture�using�four�54�wattage�high�output�fluorescent�lights,�

two�yellow�and�two�blue�(General�Electric,�yellow?4700�lumens,�3000�K;�blue?4370�

lumens,�6500�K).��The�lights�were�hung�parallel�to�the�setup�and�the�light�cycle�was�

similar�to�light�exposure�in�the�field�during�the�fall�(12:12�h�light:dark).�
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�
Figure�4.1.��Varying�algal�density�experimental�setup.��Ten�arenas�with�three�types�of�

treatment�tiles?low,�medium�and�high�algal�density.��Treatment�tiles�were�randomly�

placed�in�each�arena,�based�on�a�multiple�of�three.�Arena�size�was�based�on�individual�

size.��An�arena�with�30�tiles�received�ten�tiles�of�each�treatment.��If�the�number�of�tiles�in�

an�arena�was�not�a�multiple�of�three,�tiles�with�Astroturf�glued�to�them�were�used�as�space�

holders.��Each�arena�contained�one�individual�(n=10)�and�was�separated�by�a�wooden�

fence.�Dowels�were�epoxied�vertically�to�each�limpet’s�shell.��When�an�individual�

encountered�the�wooden�fence�the�dowel�prevented�it�from�moving�into�an�adjacent�

arena.��Each�tile�side=7.6�cm�

�

�
�����������are�microphagous�generalist�grazers�and�their�diet�consists�of�the�

algal�biofilm�found�in�the�rocky�intertidal.��Prior�to�the�introduction�of����������,�the�

tiles�were�seeded�from�unfiltered�sea�water�via�the�dump�tank�flow?through�watering�

system.��Thus,�the�biofilm�growing�on�the�tiles�was�their�food�source.��The�three�

treatments�used�were�low,�medium�and�high�algal�cover�on�the�terra�cotta�tiles.��The�

chlorophyll�concentrations�for�the�three�treatments�were�0.004�+�0.003�Jg/cm
2
�(low),�

�����
���
���	���
����









�
����


���������
�	�




� 49�

0.857�+�0.318�Jg/cm
2�
(medium),�and�6.203�+�1.369�Jg/cm

2�
(high)�(mean�+�SE).��

Chlorophyll�densities�in�the�rocky�intertidal�range�from�0.01�to�40�Jg/cm
2�
(Nicotri�1977,�

Gray�&�Hodgson�1998,�Jenkins�et�al.�2001,�Boaventura�et�al.�2003,�Kido�&�Murray�2003,�

Morelissen�&�Harley�2007,�Underwood�&�Murphy�2008).�

Tiles�with�low�algal�density�were�placed�on�the�setup�one�week�prior�and�

scrubbed�with�a�scouring�pad�two�days�before�the�start�of�the�experiment.��Medium�algal�

density�tiles�were�placed�on�the�setup�three�weeks�prior�to�the�start�of�the�experiment.��

Medium�tiles�had�a�visible�uniform�coating�of�diatoms�and�blue�green�algae.��High�algal�

density�tiles�were�placed�on�the�experimental�setup�six�weeks�prior�to�the�start�of�the�

experiment�to�ensure�maximum�algal�growth�prior�to�the�start�of�the�experiment.��High�

algal�cover�tiles�were�covered�with�a�thick�algal�carpet,�consisting�of�filamentous�green�

algae�and�macroalgal�propagules.�Chlorophyll�samples�were�randomly�taken�from�low,�

medium�and�high�tiles�before�and�after�the�experiment�using�the�standard�chlorophyll�

extraction�technique�to�confirm�the�visual�algal�estimate�(Parsons�et�al.�1993).��Fifteen�

samples�were�randomly�taken�from�the�experimental�setup�(5�from�each�treatment).��

Samples�were�scraped�from�the�tiles�and�extracted�using�ethanol�and�measured�in�a�

fluorometer�(TD?700�Laboratory�Fluorometer,�Turner�Designs).�

Each�arena�contained�randomly�placed�tiles�of�the�three�algal�densities.��Equal�

numbers�of�tiles�were�used�for�each�algal�density.��The�total�number�of�tiles�was�based�on�

a�multiple�of�three�to�ensure�that�there�was�proportionally�the�same�amount�of�food�per�

arena.��If�the�number�of�tiles�in�the�arena�was�not�a�multiple�of�three,�tiles�with�Astroturf�

epoxied�to�them�were�placed�in�the�arena.��These�tiles�served�as�spaceholders.���
����

�������will�not�cross�Astroturf�so�the�spaceholders�were�placed�in�corners�of�the�arena.��
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If�an�individual�had�twenty�tiles�in�its�arena,�two�Astroturfed�tiles�were�inserted.��The�size�

of�the�arena�was�based�on�the�size�of�the�individual,�as�����������territory�size�has�been�

correlated�with�limpet�length�(Stimson�1970).���

The�individuals�were�placed�in�the�middle�of�their�respective�arenas�and�

photographed�for�four�weeks�using�a�Nikon�Coolpix�5700�camera�connected�to�a�

Digisnap�time?lapse�controller�(Harbortronics,�Inc.�Model�2100).��During�the�simulated�

high�tide,�a�picture�was�taken�every�15�seconds�for�5.5�hours.��Pictures�were�only�taken�

during�the�high�tides�as�individuals�did�not�move�when�the�tiles�were�not�wet�(Stimson�

1970,�pers.�obs.).��Although�high�tide�was�only�4�hours,�an�additional�1.5�hours�of�

additional�photographing�after�the�end�of�the�high�tide�were�taken�to�ensure�all�movement�

was�recorded.���
�����������does�not�move�when�it�is�not�splashed�by�waves,�but�it�

will�continue�to�move�when�the�substratum�is�wet�(Stimson�1970,�Wright�&�Shanks�1993,�

personal�observation).���

An�organism�was�considered�to�be�homing�if�it�returned�to�the�same�location�

(home�scar)�after�each�foraging�event�(Wells�1917,�Underwood�1979,�Chelazzi�1990).��

Typically,�����������only�moves�when�being�splashed�by�water�and�doesn’t�begin�

moving�until�twenty�minutes�after�first�being�wetted�(Stimson�1970).��The�limpets�were�

filmed�for�11�hours�each�day�and�were�only�splashed�with�water�for�8�hours.��The�first�

twenty�minutes�and�last�1.5�hours�of�each�filming�session�accounted�for�33%�of�the�

footage.��Individuals�were�considered�homing�if�they�spent�33%�of�their�active�time�in�the�

same�spot,�meaning�they�were�returning�to�a�home�scar�during�each�foraging�event.��As�

the�home�scar�data�were�processed,�it�was�determined�that�some�individuals�preferred�up�

to�three�locations,�so�the�home�scar�definition�was�expanded�to�include�three�spots.�
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The�time?lapse�pictures�were�converted�to�video�using�MakeAVI�software�

(http://sourceforge.net/projects/makeavi/),�converted�to�Quicktime�videos�using�AVS�

Video�Converter�(version�6.2)�and�analyzed�with�NIH�ImageJ�software.��A�grid�that�

divided�the�tiles�into�quarters�was�placed�over�the�computer�screen�and�the�position�of�

each�individual�was�scored�every�10�frames�for�1320�frames,�for�each�video�(84�videos�

total).��An�individual�was�considered�in�a�grid�square�if�greater�than�50%�of�its�body�was�

in�the�grid.��Each�visit�to�a�grid�(every�10�frames)�was�scored�was�scored�with�a�‘1.’��If�a�

limpet’s�shell�was�between�two�grids�or�one�fourth�in�four�grids,�the�visit�was�divided�

into�.5�or�.25�for�each�of�the�grids.��Movements�were�scored�to�examine�the�probability�of�

return�based�on�the�amount�of�biofilm�present.��The�time�spent�on�each�treatment�tile�

(low,�medium�and�high�algal�density)�was�summed�for�the�entire�experiment�to�determine�

where�individuals�spent�the�most�time�during�their�active�periods.��To�visualize�where�

individuals�were�moving,�daily�path�lengths�of�the�foraging�limpets�were�traced�on�a�

piece�of�acetate�placed�over�the�computer�screen.��Path�length�data�were�not�quantified.�

Foraging�behavior�under�conditions�of�varying�algal�density�was�analyzed�by�

summing�the�number�of�visits�to�each�treatment�tile�of�low,�medium�and�high�algal�

density.��The�data�were�first�converted�to�a�percent�of�the�total�number�of�visits,�then�

arcsine�transformed,�and�analyzed�using�one?way�ANOVA�(Systat�version�11).��

�

��������	����������

� After�analyzing�the�responses�to�different�algal�densities,�I�hypothesized�that�

individuals�avoid�tiles�with�high�algal�density�due�to�a�loss�of�suction.��To�test�the�

tenacity�of��
����������,�individuals�were�plucked�from�tiles�with�different�algal�
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densities�in�August�2010.�Three�algal�treatments�were�used:�tiles�with�low,�medium�and�

high�algal�density,�and�densities�were�similar�to�those�used�in�the�grazing�experiment�in�

2008.��Twenty?seven�individuals�were�used,�nine�per�algal�density.�Individuals�were�

placed�on�separate�treatment�tiles�and�allowed�to�acclimate�for�two�hours�prior�to�the�

beginning�of�the�tidal�cycle.��Individuals�acclimated�for�no�more�than�two�hours�to�ensure�

that�limpets�were�using�adhesion�rather�than�glue�to�stick�to�the�tiles.���
�����������has�

been�shown�to�produce�a�glue�when�it�remains�on�the�same�substratum�for�<�12�hours�

(Smith�1991,�1992,�1993).��The�tiles�were�placed�in�a�frame�that�allowed�the�limpets�to�be�

plucked�without�the�tiles�moving.��The�high?tide�simulation�began�after�2�hours�of�

acclimation�and�the�individuals�were�plucked�twenty�minutes�after�the�high�tide�began.��

Individuals�were�removed�by�attaching�a�spring�scale�(Pesola�brand,�5�kg�maximum)�to�a�

string�tied�to�a�ring,�attached�by�epoxy�to�the�limpet’s�shell.��Individuals�were�plucked�

while�moving�to�mimic�feeding�behavior,�as�in�the�prior�experiment.��In�the�algal�density�

experiment,�individuals�foraged�around�their�arenas,�usually�avoiding�dense�algal�tiles.��

Individuals�were�pulled�at�a�consistent�rate,�perpendicular�to�the�tile.��The�force�required�

to�pull�the�individual�off�the�tile�was�measured�in�kilograms�and�converted�to�Newtons.��

To�determine�whether�or�not�limpet�size�(shell�length)�affected�the�force�required�to�

remove�a�limpet�from�a�tile,�size�and�force�were�analyzed�with�linear�regression�for�each�

treatment�tile�(Table�4.1).��A�one?way�ANOVA�with�planned�comparisons�was�used�to�

look�at�the�tile�treatment�compared�to�the�force�necessary�to�remove�a�limpet�(SAS�

version�9.1).�

�

�
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Table�4.1.��Tenacity�experiment.��Linear�regressions�were�used�to�show�that�there�was�no�

significant�relationship�between�individual�size�and�the�force�it�took�to�pluck�an�

individual�from�a�tile.��Three�treatments�were�used:�tiles�with�low�algal�density,�medium�

and�high.����

�

Algal�Density������� � � F� � p� � R
2�

Low� � � � ����������4.86� ����������0.06� �����������0.41�

�

Medium� � � ����������0.01� ����������0.92� �����������0.00�

�

High� � � � ����������2.84� ����������0.14� �����������0.289�

�

������


The�amount�of�biofilm�was�within�the�range�found�naturally�occurring�in�the�

rocky�intertidal�(Table�4.2).��The�chlorophyll�concentrations�within�each�treatment�did�

not�differ�significantly�between�the�beginning�and�end�of�the�experiment�for�any�of�the�

treatments�(one?way�ANOVA,�n=5�(per�treatment);�low�F=3.25,�p=0.11;�medium�F=3.08,�

p=0.11;�high�F=0.78,�p=0.40).��By�the�end�of�the�experiment,�the�density�of�chlorophyll�

stayed�the�same�or�decreased�for�the�low�and�medium�algal�density�tiles,�respectively,�

while�the�chlorophyll�density�on�high�algal�density�tiles�increased.��Although�the�results�

were�not�statistically�significant,�the�density�differences�suggest�that�the�low�and�medium�

algal�density�tiles�were�being�grazed�while�the�high�algal�density�tiles�were�not.���

Table�4.2.��Varying�algal�density�experiment.��Chlorophyll�samples�were�taken�before�

and�after�the�experiment�(before�n=15�(5�per�treatment)�and�after�n=15�(5�per�treatment))�

Values�are�reported�as�mean�+�SE.�

�

Algal�Density� � � � Before�� � � � After�

�

Low� � � � 0.004�+�0.003�Jg/cm
2
�� � 0.006�+�0.002�Jg/cm

2
�

�

Medium�� � � 0.857�+�0.318�Jg/cm
2
�� � 0.250�+�0.136�Jg/cm

2
�

�

High� � � � 6.203�+�1.369�Jg/cm
2
�� � 9.168�+�3.057�Jg/cm
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Individuals�were�followed�for�four�weeks�using�time?lapse�photography.��The�

total�number�of�visits�to�each�treatment�tile�was�compiled�to�determine�which�algal�

density�treatments�individuals�spent�their�time.��Six�individuals�formed�home�scars�within�

two�weeks,�returning�to�one�or�two�locations�after�each�tidal�cycle.��By�the�end�of�four�

weeks,�nine�individuals�returned�to�home�scars�while�one�individual�showed�a�preference�

for�two�locations,�spending�20%�of�its�potential�active�time�(i.e.,�when�splashed�or�wet)�at�

these�two�spots.��Although�home�scar�formation�was�not�examined�in?depth�for�this�

experiment,�the�establishment�of�a�home�scar�and�home�range�demonstrates�that�

individuals�were�behaving�normally�in�the�laboratory.��After�four�weeks,�home�range�size�

was�correlated�with�limpet�size�(Figure�4.2).��Larger�individuals�formed�larger�home�

ranges.���
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�
Figure�4.2.��Limpet�size�(shell�length)�vs.�home�range�size.��A�significant�positive�linear�

relationship�was�found�between�limpet�shell�length�and�home�range�size��(Regression,�

R
2
=0.79�F=30.39,�n=10,�p=0.001).��

�

�
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The�number�of�visits�to�the�different�treatment�tiles�was�summed�for�each�

individual.��The�percent�of�visits�differed�significantly�among�low,�medium,�and�high�

algal�density�tiles�(one?way�ANOVA,�n=30,�F=12.23,�p<0.0001).��Visits�to�the�high�algal�

density�tiles�were�significantly�fewer�than�to�the�low�and�medium�density�tiles�(Figure�

4.3,�Tukey’s�HDS,�p=0.007).��Individuals�spent�the�majority�of�their�foraging�time�on�low�

or�medium�dense�tiles�(Figure�4.3).��There�was�no�significant�difference�between�time�

spent�on�low�and�medium�algal�density�tiles�(Tukey’s�HDS,�p=0.314).��When�the�

individual�foraging�paths�were�overlaid�with�a�picture�of�the�experimental�setup,�it�was�

clear�that�individuals�avoided�the�high�algal�density�tiles�and�the�Astroturf�tiles�(Figure�

4.4).��

�
Figure�4.3.��Percent�of�total�observation�time�individuals�spent�on�each�of�the�three�tiles�

with�different�algae�densities�(low�density?white�bars,�medium�density?hatched�bars,�high�

density?black�bars).��The�percentage�of�time�spent�on�low�and�medium�algal�tiles�was�not�

significantly�different,�whereas�significantly�less�time�was�spent�on�the�high�algal�density�

tiles�(one?way�ANOVA,�n=10,�F=�12.23,�p<0.05).�
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�

Figure�4.4.��Varying�algal�density�experiment.��A.��Experimental�setup.��B.��Tracings�of�the�individuals’�paths�over�the�course�

of�60�days.��The�outlined�white�boxes�in�both�pictures�were�tiles�typically�avoided�by�individuals,�i.e.�algal�dense�tiles.��The�

tiles�surrounded�by�dashed�black�lines�in�A.�were�Astroturf�tiles�placed�in�the�corners�so�each�arena�contained�a�multiple�of�

three.���
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To�examine�the�role�of�algal�density�and�limpet�tenacity,�individuals�were�plucked�

from�tiles�with�varying�algal�density.��Limpet�size�did�not�affect�the�force�required�to�

remove�a�limpet�from�the�substrate�and�limpet�size�was�eliminated�as�a�factor�and�one?

way�ANOVA�was�used�to�examine�differences�among�the�three�algal�treatments�(SAS�

version�9.1).��Normally�it�takes�greater�force�to�remove�larger�limpets�(Wright,�

unpublished�data),�but�the�size�range�(<�10�mm)�was�small�enough�that�it�did�not�

influence�the�force�needed�to�remove�an�individual.�

The�chlorophyll�concentration�for�the�three�treatment�tiles�was�comparable�to�

those�in�the�field.��In�the�experiment,�low�algal�dense�tiles�had�an�average�(Jg/cm
2
�+�SE)�

of�0.00�+�0.00��
�
Jg/cm

2
,�medium�algal�dense�tiles�had�0.28�+�0.04�Jg/cm

2
,�and�the�high�

algal�dense�tiles�had�1.82�+�0.16�Jg/cm
2
.��Limpets�placed�on�tiles�with�high�algal�density�

were�easily�pulled�off;�it�took�a�force�of�2.62�+�1.20�N�to�pull�an�individual�off�a�tile�with�

high�algal�density�while�the�force�needed�to�pull�a�limpet�off�the�tiles�with�low�and�

medium�algal�densities�was�22.72�+�4.17�N�and�25.72�+�3.67�N,�respectively.��There�was�

a�significant�difference�in�the�force�needed�to�pull�a�limpet�off�a�tile�among�the�low,�

medium�and�high�treatments�(one?way�ANOVA,�F=14.65,�n=27,�p<0.0001).��In�the�

tenacity�experiments,�significantly�less�force�was�required�to�pull�a�limpet�off�a�high�algal�

density�tile�than�from�a�tile�with�a�medium�or�low�algae�density�(Figure�4.5,�planned�

comparison,�high�vs.�low�+�medium,�p<0.0001).��There�was�no�significant�difference�in�

the�force�required�to�remove�a�limpet�from�the�medium�and�low�algal�density�tiles�

(Tukey’s�HDS,�p=0.8).��
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�
Figure�4.5.��Average�amount�of�force�(Error�bars�are�SE)�required�to�remove�a�moving�

limpet�from�a�tile,�based�on�the�amount�of�algae�present,�varying�from�minimal�(low�

treatment)�to�high�algal�density.��The�force�necessary�to�pull�an�individual�off�a�tile�was�

significantly�lower�on�the�high�algal�density�tiles�(one?way�ANOVA,�n=9�per�treatment�

(27�total),�planned�orthogonal�comparison,�p<0.0001).�




�	�����	��


The�Stamps�&�Krishnan�model�(1999)�predicts�that�an�individual�is�more�likely�to�

return�to�an�area�where�it�had�positive�experiences.��The�territories�of��
�����������are�

visible�algal�films�in�the�rocky�intertidal�and�����������display�territorial�behavior�to�

protect�their�food�sources�(Stimson�1970).��When�Stimson�(1973)�experimentally�reduced�

the�amount�of�algae�in�����������territories,�individuals�expanded�their�territory�sizes.��

To�explore�the�possibility�that�an�individual�would�return�more�frequently�to�an�area�with�

a�greater�food�resource,�����������were�exposed�to�varyious�amounts�of�food�in�

individual�arenas.��It�was�assumed�that�limpets�would�prefer�tiles�with�greater�food�

density.�

In�the�varying�algal�density�experiment,�����������avoided�traveling�on�tiles�

with�a�thick�algal�covering.��While�it�is�possible�that�����������have�an�algal�species�

****�
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preference,�this�is�unlikely�as�individuals�grazed�on�the�edges�of�high�algal�density�tiles,�

but�avoided�moving�onto�or�traversing�them.��This�suggests�that�avoidance�was�not�due�

primarily�to�food�preferences�and�that�the�algal?covered�substrate�was�associated�with�

costly�risks.��Limpets�ingest�macroalgal�propagules�and�when�limpets�are�experimentally�

removed�from�an�area,�the�macroalgae�that�grows�in�the�absence�of�grazers�becomes�too�

large�for�the�micrograzers�to�feed�on;�the�limpets�are�outcompeted�by�the�algae�(Hawkins�

&�Hartnoll�1983).���
�����������are�microphagous�generalist�grazers�and�while�they�

consume�macroalgal�propagules,�the�ephemeral�algae�growing�on�the�tiles�in�the�varying�

algal�density�experiment�may�have�escaped�herbivory�via�a�large�prey�refuge�(Molles�

2001).��Sizable�prey�is�difficult�for�a�predator�to�physically�handle.��The�algae�present�on�

the�highest�density�tiles�may�have�been�physically�too�large�for�����������to�consume.��

Although�����������avoided�high�algal�density�tiles,�there�was�no�difference�between�

the�number�of�visits�to�the�medium�algal�and�low�algal�density�treatment�tiles,�indicating�

that�individuals�did�not�prefer�one�of�these�treatments�over�the�other.��While�the�low�algal�

density�tiles�had�a�minimal�amount�of�biofilm�on�them,�it�may�have�been�enough�to�

sustain�individuals,�or�the�four�week�experiment�wasn’t�long�enough�to�starve�them.��In�

addition,�the�mucus�of�����������has�been�shown�to�promote�algal�growth�(Connor�&�

Quinn�1984,�Connor�1986).���
�����������may�have�been�able�to�cultivate�a�biofilm�on�

tiles�with�little�algae.�

One�potential�explanation�may�be�that�the�algal�mat�was�simply�too�slippery�and�

that�limpets�avoided�the�possibility�of�losing�grip�by�not�moving�onto�tiles�with�a�thick�

biofilm.�The�avoidance�suggests�there�is�a�possible�trade?off�between�an�abundant�food�

and�the�risk�of�becoming�dislodged�from�the�substrate.��Limpets�were�removed�from�high�
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algal�density�tiles�with�significantly�less�force�than�required�to�remove�an�individual�from�

medium�or�low�algal�density�tiles.��Denny�and�Blanchette�(2000)�calculated�that�a�force�

of�190�N�was�required�to�removed�a�5�cm�long�limpet�while�it�was�stationary,�but�only�38�

N�was�required�when�it�was�crawling.��These�results�are�similar�to�the�dislodgement�force�

found�to�remove�a�limpet�from�the�low�or�medium�algal�treatments�in�this�study�(24.2�+�

2.7�N).��In�addition,�all�limpets�were�<�5�cm�long�in�this�study.���

��The�costs�of�potential�death�due�to�dislodgement�may�outweigh�the�benefits�of�a�

large�food�source.��When�individuals�were�removed�in�the�tenacity�study,�their�entire�foot�

was�covered�in�algae�as�they�could�not�grip�the�tiles.���
�����������has�been�shown�to�

cease�movement�when�wave�height�reaches�a�certain�threshold�(>�1�m)�(Wright�&�

Nybakken�2007).��In�addition�to�foraging,�����������is�territorial�and�spends�time�

defending�its�territory�against�intruders.��It�was�determined�that�individuals�engaging�in�a�

territorial�interaction�(both�intruders�and�territory�holders)�were�much�easier�to�pluck�off�

a�rock�than�other�moving�limpets�and�limpet�tenacity�decreased�with�increasing�speed�

(Wright,�unpublished�data).��Thus,�is�a�trade?off�between�the�benefit�of�defending�a�food�

source�and�the�cost�of�being�swept�off�the�rock.���������

The�importance�of�limpets�as�microphagous�grazers�has�been�examined�in�terms�

of�both�foraging�(Della�Santina�et�al.�1995,�Chelazzi�et�al.�1998a,�Chelazzi�et�al.�1998b,�

Burrows�et�al.�2000,�Jenkins�&�Hartnoll�2001)�and�the�effect�of�grazing�on�algal�

succession�((Castenholz�1961,�Lindberg�1986,�Kim�1997,�Lindberg�et�al.�1998).��Large�

grazer�foraging�patterns�can�have�an�effect�on�the�rocky�intertidal�structure,�altering�both�

the�floral�and�faunal�landscape.���
�����������bulldozes�intruders�out�of�its�territory,�

even�sessile�barnacles�(Stimson�1970).��Nicotri�(1977)��found�that�three�species�of��
����
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dramatically�altered�the�algal�composition�and�reduced�the�amount�of�biofilm�found�on�

the�substrate�by�grazing�on�diatoms.��Diatoms�with�greater�adhesive�strength�remained�on�

the�rock�while�other�diatoms�were�scraped�off�the�rock.��In�the�intertidal,�food�is�rarely�

equally�distributed�in�an�area.��Patchiness�in�both�algal�density�and�limpet�grazing�can�

also�play�a�role�in�intertidal�zonation�(Johnson�et�al.�1997,�Jenkins�et�al.�2001,�Johnson�et�

al.�2008).��Johnson�et�al.�(1997,�2008)�found�that�over�time,�algal�patchiness�caused�by�

limpet�grazing�did�not�average�out.��They�attributed�this�to�the�inconsistency�to�limpet�

grazing�patterns�and�irregular�topography.���
�����������appears�to�prudently�graze�the�

biofilm�inhibiting�algal�colonization�by�‘gardening’�which�cultivates�a�biofilm�that�

promotes�the�growth�of�ephemeral�algae�(Branch�1992).��It�appears�that�while�����������

can�play�a�significant�role�in�determining�rocky�intertidal�biological�terrain,�the�biological�

terrain�can�also�determine�����������foraging�movement,�once�the�macroalgae�reaches�a�

critical�size�and�can�escape�grazing.��Limpets�can�graze�within�a�patch�as�long�as�the�

algae�are�at�a�low�density,�but�once�the�algal�biofilm�surpasses�a�certain�threshold,�

limpets�may�avoid�the�area�due�to�a�loss�of�tenacity.��While�limpets�grazed�on�the�edges�

of�tiles�with�high�algal�density,�they�did�not�crawl�on�it.��Algae�escaped�predation�by�

creating�a�slippery�surface.���




��	��
���


� By�varying�the�amounts�of�algal�biofilm�it�was�shown�that��
�����������

actually�avoided�areas�with�the�greatest�amount�food�in�Chapter�IV.��I�determined�that�it�

may�avoid�tiles�with�high�algal�density�due�to�a�loss�of�adhesion�to�the�tile.��In�Chapter�V,�

I�began�to�examine�how�individuals�establish�territories.�
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CHAPTER�VI�

�������������	��RATE�OF�RETURN�BASED�ON�AGONISTIC�ENCOUNTERS�

�

�������	�
���

Will�an�organism�return�to�an�area�that�is�part�of�its�territory�if�it�repeatedly�

experiences�territorial�losses�at�that�location?��Stamps�and�Krishnan�(1999)�suggest�that�

organisms�should�not.��The�model�proposed�by�Stamps�and�Krishnan�(1999)�integrates�

spatial�learning�and�behavioral�ecology�to�examine�territory�formation.��By�suggesting�

that�prior�experience�can�influence�where�an�individual�establishes�a�territory,�this�model�

emphasizes�that�experience�prior�to�territory�establishment�is�critical.��There�may�be�a�lag�

between�the�time�an�individual�arrives�at�a�new�site�and�when�it�demonstrates�territorial�

behavior.��The�individual�may�be�collecting�information�about�its�surroundings�and�

assessing�habitat�quality.��Whether�or�not�the�individual�experiences�agonistic�encounters�

at�the�site�may�also�influence�if�the�individual�establishes�a�territory.��All�of�these�factors�

that�occur�prior�to�territory�formation�are�based�on�the�individual’s�learning�ability.������

One�assumption�(Stamps�and�Krishnan�1999)�is�that�affiliative�experiences�

increase�the�likelihood�that�an�animal�will�return�to�an�area�while�agonistic�experiences�

will�decrease�the�possibility�that�the�area�will�be�revisited.��Over�time,�an�organism�will�

learn�to�avoid�areas�where�it�experiences�costly�encounters.��The�attractiveness�of�an�area�

may�depend�on�an�individual’s�familiarity�with�it;�the�more�familiar�it�is,�the�more�

appealing�it�may�be.��If�the�individual�begins�to�experience�agonistic�encounters�at�this�

location,�the�individual�may�avoid�or�abandon�the�area,�especially�if�there�is�adjacent�

available�space�in�which�to�expand�its�territory.��This�avoidance�may�occur�even�if�the�
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individual�is�the�territory�owner,�since�the�costs�of�defending�an�area�may�outweigh�the�

risks�of�exploring�new�novel�habitat.�

An�organism�can�learn�to�avoid�an�area�where�it�has�agonistic�encounters,�as�long�

as�the�encounter�is�not�fatal�(Ferrari�et�al.�2008,�Paulissen�2008,�Agterberg�et�al.�2010).��

This�learned�behavior�can�aid�in�survival,�allowing�an�organism�to�minimize�the�risks�of�

predation,�costly�fights�or�detrimental�abiotic�factors�such�as�unsafe�terrain�(Cain�et�al.�

2008,�Masuda�&�Aou�2009,�Agterberg�et�al.�2010,�Hertel�&�Eikelboom�2010).��For�

example,�rainbow�trout�respond�either�proactively�(leaving�the�area)�or�reactively�

(engaging�in�submissive�behavior)�when�exposed�to�a�predator�(Carpenter�&�Summers�

2009).��When�rainbow�trout�were�repeatedly�exposed�to�a�predator�and�a�small�escape�

hole�was�available,�the�individuals�that�learned�to�escape�showed�a�dramatic�

improvement�in�escape�time�over�the�course�of�a�week.��Improvement�in�escape�time�

demonstrates�an�ability�to�learn,�which�enhances�survival�rate.��Through�a�series�of�

agonistic�encounters,�crayfish�established�a�dominance�hierarchy;�they�were�able�to�learn�

their�status�in�the�dominance�order�when�given�visual�and�olfactory�cues�(Delgado>

Morales�et�al.�2004).��More�subordinate�crayfish�could�avoid�escalated�and�costly�

encounters�when�interacting�with�dominant�crayfish.��The�freshwater�snail�
����������

has�demonstrated�an�ability�to�avoid�specific�predators�based�on�prior�experience,�seeking�

cover�when�exposed�to�fish�and�moving�to�the�surface�when�crayfish�were�present�

(Turner�et�al.�2006).��Wild�snails,�i.e.,�those�exposed�to�predators�in�a�pond,�had�a�

stronger�response�than�captive>reared�snails�when�exposed�to�crayfish,�one�of�their�

predators.��
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���������������,�the�owl�limpet,�can�only�avoid�or�defend�itself�against�its�

predators�(oystercatchers�and�humans)�by�clamping�down�onto�the�substrate,�but�may�

have�learned�behavior�to�avoid�costly�encounters�with�territorial�neighbors�(Lindberg�et�

al.�1998,�Kido�&�Murray�2003).������������������is�a�protandrous�limpet,�switching�from�

male�to�female��when�it�reaches�a�certain�size�threshold�(Wright�&�Lindberg�1982,�

Fenberg�2008).��Small�males�are�typically�non>territorial,�while�larger�females�will�

defend�a�territories�against�intruders�to�protect�algal�resources�(Stimson�1970,�1973,�

Wright�1982).��When�a�territorial�������������encounters�an�intruder,�it�will�either�push�

and�pursue�the�trespasser�to�the�edge�of�its�territory�or�attempt�to�knock�it�off�the�

substrate,�resulting�in�probable�death�for�the�intruder�as�it�gets�washed�away.���������

���������has�demonstrated�behavioral�plasticity�when�subjected�to�agonistic�victories�or�

losses,�suggesting�that�previous�encounters�play�a�role�in�subsequent�behavior�(Wright�&�

Shanks�1993).��Wright�and�Shanks�mimicked�territorial�wins�and�losses�and�found�that�

when�an�individual�was�subjected�to�territorial�losses�for�two�weeks,�its�subsequent�

behavior�was�evasive,�but�if�it�experienced�territorial�wins�for�two�weeks,�it�exhibited�

territorial�behavior�in�subsequent�agonistic�encounters.��After�the�two�weeks�the�

encounters�were�reversed;�individuals�who�initially�experienced�losses�then�experienced�

wins�and�vice�versa.��Wright�and�Shanks�noted�that�the�individuals�switched�their�

behaviors,�but�individuals�that�were�subjected�first�to�losses�and�then�wins�changed�their�

behaviors�from�evasive�to�territorial�much�slower�than�the�individuals�that�first�

experienced�territorial�wins�and�then�losses.���

In�this�study,�I�hypothesized�that�������������would�avoid�areas�where�they�

experienced�agonistic�encounters.������������������established�home�ranges�over�3�weeks;�
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it�takes�2�weeks�for�������������to�establish�a�territory�(Stimson�1970,�pers.�obs.).��After�

these�3�weeks,�every�time�they�moved�onto�one�of�two�random�locations�at�their�home�

range�periphery,�they�experienced�a�territorial�loss.��The�questions�asked�in�this�study�I�

asked�were�whether�or�not�������������exhibits�learned�behavior�by�avoiding�areas�where�

it�experienced�an�agonistic�loss�and�whether�it�expands�its�territory�when�subjected�to�

agonistic�encounters�on�the�periphery�of�its�defended�home�range.���

�

����
���������������

���������������������������

����������������were�collected�in�Orange,�California�in�April�2009�and�shipped�

overnight�to�Charleston,�Oregon.��Limpets�were�allowed�to�acclimate�for�a�week�in�the�

laboratory.��After�one�week,�the�limpets�displayed�the�same�behaviors�in�the�lab�as�in�the�

field,�ensuring�that�transportation�did�not�affect�their�behavior.��These�behaviors�include�

foraging�while�splashed�by�sea�water�and�remaining�stationary�when�not�splashed.��

Limpets�were�kept�in�sea�tables�on�unglazed�terra�cotta�tiles�covered�in�a�biofilm.��

Limpets�are�macrophaguous�grazers�and�will�graze�on�cyanobacteria,�diatoms�and�

macroalgal�propagules�that�grow�on�tiles�(Underwood�1979,�Hawkins�&�Hartnoll�1983).��

The�terra�cotta�tiles�were�placed�in�the�experimental�setup�one�month�prior�to�the�start�of�

the�experiments�to�ensure�there�was�a�biofilm�on�them.��The�individuals�were�splashed�

with�water�for�4�hours�twice�a�day�(8�hours�total)�using�a�dump�tank�that�mimicked�high�

tide.��Four�hours�of�wave�exposure�is�approximately�what�������������experiences�in�the�

field.��The�tank�would�fill�with�water,�tip�over,�splash�the�limpets�and�then�right�itself�due�

to�a�counterweight�system.��High�intensity�fluorescent�lights�were�hung�parallel�to�the�
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setup�and�the�light�cycle�was�similar�to�spring�conditions�in�the�field�(12:12�h�light:dark).��

A�complete�description�of�������������aquaculture�can�be�found�in�Chapter�Two.�

�

����������
����������������������������

Individuals�were�photographed�for�11�hours�total�every�day�(5.5�hours�for�each�

high�tide)�for�fifty�days.��Although�the�high�tide�lasted�four�hours,�the�extra�1.5�hours�of�

footage�after�the�high�tide�ended�was�to�ensure�that�all�movement�was�captured.���������

���������does�not�move�when�it�is�not�splashed�by�waves,�but�it�will�continue�to�move�

after�the�tiles�stop�being�splashed�but�they�are�still�wet�(Stimson�1970,�Wright�&�Shanks�

1993,�pers.�obs.).��Photos�were�taken�every�15�seconds�using�a�Nikon�camera�connected�

to�a�Digisnap�time>lapse�controller�(Harbortronics,�Inc.�Model�2100).��The�pictures�were�

then�converted�to�video�using�MakeAVI�software�

(http://sourceforge.net/projects/makeavi/)�and�then�converted�to�Quicktime�videos�using�

AVS�Video�Converter�(version�6.2)�and�analyzed�with�NIH�ImageJ�software.��Data�were�

compiled�to�determine�where�individuals�spent�the�most�time�during�their�active�periods.��

A�grid�was�placed�over�the�computer�screen�and�the�position�of�each�individual�was�

scored�every�10�frames,�for�1320�frames,�for�101�videos�(~�seven�weeks).��Every�ten�

frames�was�equal�to�2.5�minutes�and�was�the�minimum�amount�of�time�it�took�for�an�

individual�to�move�from�one�grid�to�another.��The�grid�divided�each�tile�into�quarters.��An�

individual�was�considered�in�a�square�of�the�grid�if�greater�than�50%�of�its�body�was�in�

the�grid.��Each�time�an�individual�was�in�a�grid�it�was�scored�with�a�‘1.’��If�an�individual�

was�on�a�line�between�two�grids,�the�grid�value�was�0.5�for�each�grid�it�was�in.�

�
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Twelve�����������������(shell�length�38>44�mm)�were�used�in�this�experiment.��

Individuals�were�placed�in�the�middle�of�equally�sized�individual�arenas,�larger�than�a�

typical�territory�prior�to�the�start�of�a�tidal�cycle�on�the�mock�intertidal�setup�(Stimson�

1970).��Stimson�(1970)�measured�������������territories�in�the�field�and�there�was�a�

significant�regression�between�shell�length�and�area;�individuals�<�50�mm�did�not�have�

areas�larger�than�900�cm
2
.��In�this�study,�arenas�were�1137�cm

2
.��For�this�study,�a�home�

range�was�defined�as�the�total�area�used�by�an�individual�while�a�territory�was�the�

exclusive�area�used�by�an�individual�(Sih�&�Mateo�2001).��Since�each�individual�was�

placed�in�its�own�arena,�the�terms�‘home�range’�and�‘territory’�are�used�interchangeably.��

The�enclosure�area�was�larger�than�a�territory�in�the�field�to�ensure�that�there�was�

adequate�divisible�space�for�home�range�expansion.���

Chlorophyll�was�measured�to�ensure�that�individuals�had�sufficient�food�and�that�

the�coverage�was�roughly�the�same�for�each�arena�throughout�the�experiment.��

Chlorophyll�samples�were�taken�before�and�after�the�experiment�using�the�chlorophyll�

extraction�technique�to�ensure�that�the�visual�estimation�of�uniform�algal�density�was�

accurate.��Two�samples�were�taken�from�each�arena�(n=24).��Samples�were�scraped�from�

the�tiles�and�extracted�using�ethanol�and�measured�in�a�fluorometer�(TD>700�Laboratory�

Fluorometer,�Turner�Designs)�following�standard�techniques�(Parsons�et�al.�1993).���

To�keep�individuals�inside�their�arenas,�a�dowel�fence�was�constructed�and�placed�

over�the�tiles�and�6�cm�long�dowels�were�epoxied�to�their�shells�(Figure�6.1).��When�an�

individual�encountered�the�fence,�the�dowel�prevented�the�individual�from�leaving�the�

arena.��Individuals�established�home�ranges�in�three�weeks.��Three�individuals�were�
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replaced�after�they�died�one�week�after�being�placed�on�the�setup�and�these�new�animals�

established�home�ranges�in�two�weeks.��One�individual�died�at�the�start�of�the�training�

period�and�was�not�replaced.��Each�individual’s�home�range�was�determined�during�the�

first�three�weeks�of�the�experiment.��The�time�spent�on�each�tile�was�summed�to�

determine�where�the�individual�spent�the�most�time�and�this�tile�was�considered�the�home�

scar.��An�organism�is�considered�to�be�homing�if�it�returns�to�the�same�location�after�each�

foraging�event�(Wells�1917,�Galbraith�1965).��In�this�study,�individuals�were�considered�

homing�if�they�spent�at�least�33%�of�their�active�time�in�the�same�spot.��Typically,����

���������only�move�when�being�splashed�by�water�and�don’t�begin�moving�until�twenty�

minutes�after�they�are�wetted�by�the�incoming�tide�(Stimson�1970).��The�limpets�were�

filmed�for�11�hours�each�day�and�were�splashed�with�water�for�8�hours.��Homing�

individuals�were�typically�on�their�home�scars�for�the�first�twenty�minutes�and�last�1.5�

hours�of�each�filming�session�which�accounted�for�33%�of�the�footage.�

�

���������	���������

In�the�field,�����������������territorial�behavior�is�distinct.��The�territory�holder�

shoves�its�shell�under�the�intruder�and�attempts�to�knock�the�intruder�off�the�rock.��

Intruders�range�from�conspecifics�to�other�limpets.��The�territory�holder�then�pursues�the�

intruder�to�the�periphery�of�its�defended�home�range�(Stimson�1970,�1973,�Wright�1982).��

Intruder�behavior�is�evasive.��The�intruder�will�quickly�turn�>�90º�away�from�the�other�

limpet�and�retreat.��To�mimic�a�territorial�loss,�I�used�a�stimulus�limpet�was�used�to�stage�

an�encounter,�similar�to��Wright�&�Shanks�(1993).���
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�
Figure�6.1.��A.�individuals�with�6�cm�dowels�and�ID�tags�epoxied�to�their�shells.��B.��Experimental�setup.��Twelve�arenas�with�

one�individual�per�arena.�Each�arena�contained�20�tiles�with�an�algal�biofilm.��One�tile�side�=�7.5�cm

��������	�

�
�������

�� ��
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Stimulus�limpets�ranged�in�size�from�39�>�49�cm�and�each�individual�was�used�no�

more�than�twice�during�the�training�period�and�never�on�consecutive�days.��The�cephalic�

tentacles�of�the�stimulus�limpet�were�held�in�contact�with�the�cephalic�tentacles�of�the�

moving�subject�limpet�for�30�seconds.��When�the�subject�limpet�began�to�display�a�

response,�usually�territorial,�the�stimulus�limpet�was�used�to�push�the�subject�limpet�at�a�

consistent�and�forceful�rate.��A�loss�was�mimicked�by�pushing�the�subject�limpet�at�a�rate�

of�1�>�5�mm/s�to�the�periphery�of�its�home�range�for�90�seconds.��The�subject�limpet�was�

pushed�until�it�retreated�or�clamped�down�and�did�not�move.��Initial�behavior�of�the�

subject�limpet�was�recorded�either�as�evasive�or�territorial.��An�evasive�response�was�

considered�a�>�90º�turn�of�the�subject�limpet�away�from�the�point�of�contact�with�the�

stimulus�limpet�while�territorial�behavior�was�defined�as�a�forward�movement�of�half�the�

shell�length�of�the�subject�limpet.��After�three�weeks�of�initial�home�range�establishment,�

individuals�experienced�an�agonistic�loss�every�time�they�moved�onto�randomly�selected�

tiles�located�at�the�home�range�periphery�during�the�night�high�tides.��Individuals�were�

subjected�to�agonistic�losses�for�two�weeks.��This�two�week�period�was�considered�the�

training�period.��The�training�occurred�only�during�the�night�high�tide�(4�hours�every�

day).��Most�individuals�moved�during�the�night�high�tide�(96%),�while�less�moved�during�

the�day�high�tide�(69.5%).��The�limpets�were�photographed�for�an�additional�two�weeks�

to�determine�their�final�home�ranges.�

The�number�of�visits�to�the�agonistic�tiles�before�training�was�compared�to�that�

during�and�after�training.��To�compare�visits�among�the�stages�(before,�during�and�after�

training),�the�number�of�visits�to�the�agonistic�tiles�was�divided�by�the�total�number�of�

visits�per�stage.��The�amount�of�time�prior�to�the�training�varied�for�all�individuals,�so�the�
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‘before’�data�were�set�to�one�for�each�individual�and�the�data�were�ranked.��The�amount�

of�time�for�the�‘during’�and�‘after’�training�was�a�percent�of�the�ranked�data�and�the�

amount�of�time�among�the�‘before,’�‘during’�and�‘after’�training�was�compared�in�a�

nonparametric�two>way�ANOVA�without�replication�(SAS�version�9.2).��The�amount�of�

area�each�individual�used�throughout�the�experiment�was�compared�using�the�same�

method.��Two�individuals�died�during�the�experiment�and�were�excluded�from�the�

analysis.��Data�from�the�individual�who�died�at�the�end�of�the�experiment�were�used�in�

totaling�the�number�of�agonistic�encounters.�

�

�������

� The�experiment�ran�for�seven�weeks�and�was�divided�into�three�stages:�before,�

during�and�after�training.��The�‘before’�stage�lasted�three�weeks�while�the�‘during’�and�

‘after’�training�were�each�two�weeks�long.��One�individual�died�prior�to�the�start�of�the�

training�and�another�individual�died�during�the�‘after’�training�period�in�the�second�week.��

The�chlorophyll�concentrations�were�0.37�Og/cm
2
�+�0.08�and�0.60�Og/cm

2
�+�0.12�(mean�+�

SE)�before�and�after�the�experiment,�respectively.��Concentration�did�not�change�over�

time�when�the�chlorophyll�concentrations�were�compared�prior�to�start�of�the�experiment�

and�after�(Unpaired�t�test,�df=46,�t=1.5,�p=0.13).��It�was�assumed�that�the�food�supply�

was�constant�since�the�chlorophyll�concentrations�did�not�change�significantly�over�time.���

Limpet�movement�was�analyzed�to�determine�if�individuals�established�home�

ranges�prior�to�training.��Individuals�were�considered�to�have�home�ranges�if�they�formed�

home�scars,�demonstrating�a�preference�for�a�certain�locations.��A�home�scar�was�an�area�

where�an�individual�spent�>�33%�of�the�time�captured�on�video.����All�individuals�formed�
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a�home�scar�prior�to�the�training,�returning�to�the�exact�location�after�each�foraging�bout.��

Individual�arena�usage�ranged�from�22%�to�76%�of�the�total�area�available.��This�was�

determined�by�calculating�the�total�home�range�area�for�each�individual�and�dividing�by�

the�total�available�area�(1137�cm
2
).�

��After�three�weeks,�individuals�were�subjected�to�agonistic�losses�each�time�they�

crossed�onto�two�randomly�selected�tiles�at�the�periphery�of�their�home�range.��There�

were�60�staged�interactions�total,�with�all�eleven�individuals�crossing�onto�the�agonistic�

loss�tiles�at�least�twice�on�separate�occasions,�with�an�average�of�5.5�encounters�per�

individual�during�the�two�weeks�of�training.��Only�one�individual�showed�evasive�

behavior�when�presented�with�an�intruding�limpet,�while�one�other�individual�was�

evasive�during�its�first�two�agonistic�encounters�but�demonstrated�territorial�behavior�

when�it�crossed�the�agonistic�tiles�three�more�times.��The�nine�remaining�limpets�

displayed�territorial�behavior�every�time�they�were�confronted�with�the�stimulus�limpet�

on�the�agonistic�loss�tiles.���

To�ensure�that�that�size�of�the�stimulus�limpet�did�not�affect�the�behavior�of�the�

subject�limpet,�stimulus�limpets�were�divided�into�two�categories:�small�and�large.��The�

shell�length�of�small�stimulus�limpets�was�less�than�the�average�size�of�the�subject�limpets�

and�large�stimulus�limpets�shell�length�was�greater�than�the�subject�limpet�average�shell�

size.��The�initial�reaction�(territorial�or�evasive)�of�the�subject�limpet�was�compared�to�the�

size�of�the�stimulus�limpet�(small�or�big).��There�was�no�difference�between�the�two�sizes�

of�stimulus�limpet�(G�test�for�independence,�x
2
=0.62,�p�=�0.73).��

The�number�of�visits�to�agonistic�treatment�tiles�was�compared�before,�during�and�

after�the�training�for�each�individual.��The�percent�of�visits�to�agonistic�tiles�compared�to�
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visits�total�prior�to�treatment�varied�considerably�and�the�‘before’�visits�were�standardized�

to�1�in�order�to�compare�the�number�of�visits�during�and�after�the�training.��Prior�to�the�

training,�individuals�visited�the�agonistic�tiles�an�average�of�6.85�%�+�1.85�(mean�+�

standard�error)�of�the�time�based�on�the�total�number�of�visits.��The�number�of�visits�was�

expected�to�decrease�if�����������������showed�learned�behavior�and�learned�to�avoid�

tiles�where�they�experienced�agonistic�losses.��Based�on�the�total�number�of�visits,�

individuals�visited�the�agonistic�tiles�3.01%�+�1.29�of�the�time�during�the�training�period�

and�2.36%�+�1.02�of�the�time�after�the�training�period.��Visits�to�agonistic�tiles�decreased�

both�during�and�after�the�training�period,�but�there�was�a�trend�when�the�number�of�visits�

was�compared�between�the�before�and�after�the�training�period�(Figure�6.2,�1�way�

ANOVA�with�multiple�comparisons,�n=10,�F=�4.16,�p=0.056).��One�individual�increased�

its�visits�to�the�training�tiles�during�the�agonistic�encounters,�but�then�decreased�visits�to�

the�agonistic�tiles�once�the�training�stopped.��Overall,�the�individuals�visited�the�agonistic�

tiles�with�less�frequency�than�prior�to�the�training�when�the�number�of�visits�to�the�

agonistic�tiles�was�compared�among�the�before,�during�and�after�training.��Eight�

individuals�decreased�the�amount�of�time�spent�on�the�agonistic�tiles�before�and�after�the�

training.��The�two�individuals�that�increased�visits�to�the�agonistic�tiles�during�the�training�

did�not�visit�the�treatment�tiles�much�during�the�three�weeks�prior�to�encounters�(0.09%�

and�0.04%�of�each�individual’s�total�number�of�visits�was�spent�on�the�treatment�tiles�

prior�to�encounters).���
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Figure�6.2.��Visits�to�agonistic�tiles�based�on�total�number�of�visits.��The�difference�

between�agonistic�tile�visits�was�compared�for�before�minus�during�training�(black�bars)�

and�between�the�before�minus�after�training�periods�(white�bars).��Six�individuals�

decreased�visits�during�the�training�period�while�eight�individuals�reduced�visits�to�

agonistic�tiles�after�the�training�period�(1>way�nonparametric�ANOVA,�F=4.16,�p=0.056,�

comparing�before�and�after,�n=10).���

�

When�individuals’�home�range�areas�were�compared,�six�individuals�spent�more�

time�in�the�same�areas�during�the�training,�but�increased�their�home�range�area�once�the�

training�stopped�(Figure�6.3,�1>way�ANOVA�with�multiple�comparisons,�n=10,�F=6.95,�

p<0.05).��Most�individuals�compressed�their�home�range�area�during�the�agonistic�

encounters�period.��One�individual�did�not�alter�the�size�of�its�home�range�throughout�the�

seven�weeks�and�three�individuals�expanded�their�home�range�sizes.��Eight�individuals�

expanded�their�home�ranges�by�5%�after�the�training�period,�but�the�proportion�of�tile�

area�used�was�about�the�same�when�before�the�training�period�was�compared�to�after�the�

training.��One�individual�reduced�its�home�range�area�by�half�and�did�not�expand�it�after�

the�training.�������
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�Figure�6.3.��Territory�size�based�on�the�size�difference�each�individual�traversed�before�

minus�during�training�(black�bars)�and�during�minus�after�the�training�period�(gray�bars).��

Individuals�significantly�reduced�territory�size�during�the�training�(2>way�nonparametric�

ANOVA,�F=6.95,�p<0.05�for�during,�n=10).��Territory�size�decreased�for�six�individuals�

during�the�training�and�increased�for�nine�individuals�after�training.�����

�

Only�one�individual�did�not�form�a�home�scar�during�the�training�period.��Home�

scar�locations�were�classified�as�staying�in�the�same�location,�moving,�and�moving�away�

from�the�agonistic�tiles.��If�an�individual�moved�its�home�scar�>�1�tile�away�from�the�

agonistic�tiles,�it�was�considered�moving�away�from�the�agonistic�tiles.��Of�the�nine�that�

formed�a�home�scar,�seven�moved�their�home�scars�to�a�new�location�during�training.��

Four�individuals�moved�their�home�scars�away�from�the�agonistic�tiles�while�they�were�

experiencing�territorial�losses.��During�the�two�weeks�after�the�agonistic�losses,�all�10�

individuals�formed�home�scars.�Seven�individuals�relocated�their�home�scars�and�4�

limpets�moved�away�from�the�agonistic�tiles�despite�not�being�subjected�to�agonistic�
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losses�during�this�time�frame.��Whether�an�individual�formed�a�new�home�scar�or�moved�

its�home�scar�away�from�the�agonistic�tiles�was�compared,�but�these�results�were�not�

significant�(G�test�for�independence,�x
2
=0.03,�p=0.99).���

The�number�of�agonistic�interactions�was�pooled�to�determine�if�individuals�

visited�agonistic�tiles�less�over�time.�The�number�of�visits�did�significantly�decrease�

(Figure�6.4,�Regression,�R
2
=0.58,�F=16.94,�p=0.001)).��None�of�the�individuals�moved�

onto�the�agonistic�loss�tiles�on�the�last�two�days�of�the�training.��The�number�of�

encounters�appeared�to�increase�on�days�9�and�11,�but�this�was�due�to�one�individual�that�

consistently�returned�to�the�agonistic�loss�tiles.��

�
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Figure�6.4.��Total�number�of�agonistic�interactions�over�time.��The�total�number�of�

agonistic�interactions�each�day�was�summed�for�all�individuals�(n=11).��The�number�of�

interactions�decreased�significantly�over�time�(Regression,�R
2
=0.58,�F=16.94,�p=0.001).�
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If�the�limpets�behaved�as�predicted�by�the�Stamps�and�Krishnan�model�and�

showed�learned�behavior,�individual�����������������would�shift�their�home�ranges�away�

from�the�areas�where�they�experienced�agonistic�losses.������������������appears�to�have�

learned�behavior,�but�it�is�more�complex�than�model�predictions.��Stamps�and�Krishnan�

(1999)�assume�that�the�attractiveness�of�an�area�is�dependent�on�the�positive�and�negative�

experiences�an�individual�has�at�certain�locations�and�these�experiences�are�independent�

of�each�other.��They�predict�that�if�an�individual�has�repeated�agonistic�encounters�at�the�

same�place,�it�will�abandon�that�area�and�move�to�an�unfamiliar�area,�regardless�of�

whether�the�individual�was�a�resident�or�newcomer.��Morrell�and�Kokko�(2003)�suggest�

that�avoidance�is�adaptive�in�cases�where�the�cost�of�fighting�outweighs�the�benefits�of�

the�area.��An�individual�should�only�return�to�an�area�where�it�has�not�experienced�

repeated�agonistic�interactions.��I�found�that�������������did�avoid�areas�where�they�

experienced�agonistic�encounters,�but�did�not�necessarily�expand�their�territories�during�

or�after�the�training�period.�

� While�������������did�avoid�the�agonistic�tiles�during�the�training,�they�did�not�

necessarily�shift�their�home�ranges�away�from�the�agonistic�tiles.��Individuals�compressed�

the�size�of�their�territories�during�the�two�weeks�of�agonistic�encounters,�despite�having�

additional�space�in�which�to�expand�their�territories.��Individuals�avoided�the�agonistic�

encounter�tiles�and�did�not�traverse�as�much�area�as�they�did�prior�to�the�training.��Once�

the�training�ended,�individuals�expanded�their�home�ranges�to�sizes�equivalent�or�larger�

than�the�size�before�training,�but�continued�avoiding�the�agonistic�encounter�tiles.���
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Individuals�formed�home�scars�throughout�the�training�process�but�shifted�their�

home�scars�during�and�after�the�training.��Although�the�shifting�of�the�home�scar�was�not�

significant,�individuals�express�home�scar�fidelity�in�the�field�and�laboratory�(Stimson�

1970,�pers.�obs),�and�the�home�scar�location�shifting�may�have�been�caused�by�being�

subjected�to�agonistic�losses.����������

A�range�of�behaviors�was�displayed�by�individuals,�suggesting�that�������������

behavior�is�plastic�and�dependent�on�many�variables,�such�as�food�resources�and�tidal�

cycle.��Variation�in�food�resources�and�tidal�cycles�could�contribute�to�behavioral�

variation,�but�the�food�supply�and�tides�were�consistent�throughout�this�study.���������

���������will�expand�its�territory�if�the�food�density�decreases�and�decrease�its�territory�if�

food�is�abundant�(Stimson�1973).��Stimson�removed�algae�from�������������territories�in�

the�field�and�individuals�enlarged�their�territories.��In�the�case�of�my�experiment,�the�algal�

biofilm�on�the�tiles�was�uniform�across�the�experimental�setup.��Tidal�cycle�also�affects����

���������behavior.��Stimson�(1970)�found�that�������������would�only�move�when�being�

splashed�with�water,�beginning�to�graze�20�minutes�after�being�wetted�by�the�rising�tide.��

Wright�and�Nybakken�(2007)�showed�that�������������movement�was�influenced�by�

substantial�wave�action;�������������decreased�movement�when�the�maximum�wave�

height�exceeded�1�m.��In�the�experimental�setup�described�herein,�individuals�consistently�

moved�and�were�not�affected�by�the�wave�action,�as�the�experimental�setup�mimics�a�

moderate�splash�zone.���

The�variance�in�������������behavior�implies�a�plasticity�enabling�adaptation�to�a�

changing�environment.��When�������������experienced�agonistic�encounters�at�the�same�

locale,�it�avoided�that�location,�suggesting�that�������������does�have�learned�behavior.��
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Additionally,�a�majority�of�the�individuals�compressed�the�size�of�their�home�ranges�

during�the�training�period.��When�the�agonistic�encounters�stopped,�������������continued�

to�avoid�the�agonistic�encounter�location,�but�they�increased�the�size�of�their�home�

ranges.��In�terms�of�the�Stamps�and�Krishnan�model�(1999),�individuals�learned�to�avoid�

the�area�where�they�experienced�agonistic�losses,�but�individuals�did�not�expand�their�

home�ranges�into�novel�area�during�the�training�period�and�actually�reduced�the�size�of�

their�home�ranges�during�that�period.������

In�a�study�by�Wright�and�Shanks�(1993),�������������was�subjected�to�staged�

territorial�encounters�and�they�found�that�the�behavior�of�������������depended�on�prior�

experience.������������������was�territorial�if�it�had�territorial�wins,�but�evasive�if�it�

experienced�a�territorial�losses.��When�these�behaviors�were�switched,�territorial�

individuals�experienced�a�territorial�loss�and�displayed�evasive�behavior,�and�evasive�

individuals�became�territorial�when�they�experienced�a�territorial�win.��In�this�study����

���������always�experienced�a�territorial�loss.��With�the�exception�of�one�individual,�all�

individuals�displayed�territorial�behavior�after�two�weeks�of�training�despite�receiving�

losses�for�two�weeks.��The�number�of�losses�per�individual�may�have�not�been�enough�to�

alter�their�behaviors�to�evasive�ones.��

Other�limpets�displayed�behavioral�plasticity�while�foraging.��
�������#������$�a�

northern�Atlantic�limpet,�varies�when�it�forages�based�on�tidal�cycle,�substrate�inclination�

and�season�(Santini�et�al.�2004).��Santini�et�al.�(2004)�suggested�that�these�discrepancies�

were�caused�by�
��#�������responding�to�environmental�cues;�when�individuals�foraged�

depended�on�a�combination�of�the�diel�and�tidal�cycles�and�rock�slope.��Shanks�(2002)�

trained�������������to�be�territorial�or�evasive�and�found�that�territorial�individuals�grazed�
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more�prudently�than�evasive�individuals,�territorial�animals�left�behind�71%�algal�cover�

behind�compared�to�50%�left�behind�by�evasive�individuals.�

Learned�behavior�is�thought�to�be�a�special�form�of�behavioral�plasticity�

(Stephens�1991),�allowing�an�organism�to�switch�its�behavior�quickly,�depending�on�its�

experience.��Both�intrinsic�and�extrinsic�factors�influence�learning,�as�an�animal�must�

have�the�capability�to�collect�and�manage�information�while�balancing�the�costs�of�not�

being�able�to�assess�extrinsic�factors�such�as�unnoticed�predators�(Komers�1997).��

Learned�behavior�has�evolved�in�a�variety�of�organisms,�indicating�that�it�can�be�an�

evolutionarily�advantageous�trait.���

In�the�case�of������������,�learned�behavior�appears�to�have�evolved�as�an�

avoidance�mechanism,�allowing�it�to�avoid�areas�that�present�too�many�costs�when�

visited.���In�the�field,�territorial�������������may�form�contiguous�territories�with�its�

territorial�neighbors.��If�a�territory�holder�encounters�another�territory�holder,�a�fight�may�

occur.��A�fight�is�both�energetically�costly�and�could�result�in�death�if�one�of�the�territory�

holders�is�knocked�off�the�rock.��By�learning�to�avoid�such�areas,�������������reduces�its�

energetic�costs�and�increases�its�probability�of�survival.�

�

��
�����

� I�examined�whether�or�not�����������������has�learned�behavior�in�Chapter�VI.��In�

Chapter�VII,�I�test�if�������������can�differentiate�between�its�own�mucus�and�a�

conspecific’s�mucus.������

�

�
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CHAPTER�VII�

�

�������������	��MUCUS�TRAILS�AS�TERRITORY�MARKERS�

�

�

�������	�
���

Many�studies�have�examined�the�various�roles�of�gastropod�mucus�with�a�focus�

on�its�ability�to�serve�as�aid�in�locomotion�and�adhesion,�an�environmental�indicator,�

settlement�cue,�defense�mechanism,�prey�capture,�algal�cultivation,�and�trail�following�

device�(Wells�&�Buckley�1972,�Townsend�1974,�Denny�1980b,�Connor�&�Quinn�1984,�

Connor�1986,�Smith�1991,�Davies�&�Beckwith�1999,�McQuaid�et�al.�1999,�Davies�et�al.�

2005,�Ribak�et�al.�2005,�Lairnek�et�al.�2008).��What�has�not�been�examined�is�the�

potential�role�of�mucus�trails�as�territory�markers.��Many�organisms�use�chemical�

communication�to�indicate�a�social�status�or�a�territory,�such�as�deer,�rabbits,�and�wolves�

(Miller�et�al.�1998,�Sillero;Zubiri�&�Macdonald�1998,�Vache�et�al.�2001).��Chemical�

communication�can�be�a�stable�and�long;lasting�signal,�which�is�advantageous�to�a�

territory�holder�that�cannot�easily�monitor�its�entire�territory.���
����������,�the�

territorial�owl�limpet,�has�been�shown�to�chase�intruders�to�the�perimeter�of�its�territory�

without�crossing�over�into�non;territory,�suggesting�that�the�territory�boundary�is�

demarked�(Stimson�1970).��It�is�not�known�how�����������recognize�their�territory�

boundaries�relative�to�those�of�conspecifics.��Stimson�(1970)�observed�territorial����

�������push�intruders�off�their�territories,�but�would�never�pursue�the�intruder�for�more�

than�a�few�centimeters�past�the�edge�of�their�territory.��Therefore,�some�mechanism�

should�be�present�to�indicate�boundaries�for��������������

Mucus�serves�an�important�role�in�the�life�of�a�gastropod,�ranging�from�

locomotion�to�feeding�and�protection.��The�primary�function�of�mucus�is�locomotion;�
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gastropods�must�first�secrete�a�thin�layer�of�mucus�before�they�can�crawl�forward.��The�

energetic�cost�of�locomotion�in�terms�of�mucus�production�alone�is�9�–�26�%�of�

assimilated�energy�(Denny�1980a),�representing�a�major�sink�in�gastropod�energetics.��

This�energetic�cost�lends�itself�to�the�examination�of�other�potential�mucus�functions.��

The�mucus�trails�of�gastropods�have�been�examined�in�terms�of�home�site�location�and�

home�scar�formation,�foraging�routes,�desiccation�reduction,�energetics,�and�predator�

avoidance�(McFarlane�1980,�Bretz�&�Dimock�1983,�Horn�1986,�Davies�et�al.�1992a,�

Davies�et�al.�1992b,�Davies�&�Williams�1995,�Davies�&�Hawkins�1998).��While�some�

gastropods�can�follow�conspecifics’�mucus�trails,�it�is�not�known�if����������,�a�

territorial�limpet,�will�avoid�a�conspecific’s�mucus�trail.��

Homing�gastropods�appear�to�follow�their�own�or�other�conspecifics�mucus�trails�

(Wells�&�Buckley�1972,�Townsend�1974,�McFarlane�1980,�Bretz�&�Dimock�1983,�

Davies�et�al.�1992b,�Davies�&�Beckwith�1999,�Hutchinson�et�al.�2007).��Trail�following�

behavior�may�serve�to�reuse�the�energy;rich�mucus.��Work�done�by�Connor�and�Quinn�

(1984)�and�Connor�(1986)�suggested�that�the�mucus�by�several�limpets�species�traps�

microalgae�and�stimulates�algal�and�bacterial�growth.��These�studies�found�that�the�mucus�

of����������,�a�territorial�and�homing�limpet,�and��������,�a�homing�limpet,�served�to�

stimulate�microalgal�growth�and�increase�adhesion�of�microalgae�when�compared�to�the�

mucus�of�both�a�non;homing�limpet�and�a�carnivorous�gastropod.��A�comparison�of�lab�

and�fieldwork�confirmed�that�the�mucus�of�both�homing�limpets�was�more�adhesive�than�

that�of�a�non;homing�limpet,�meaning�that�the�mucus�was�able�to�trap�algae�more�

effectively.��In�addition,�mucus�sheets�laid�down�by�homing�limpets�persist�over�longer�
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periods.��Davies�et�al.�(1992a)�demonstrated�that�the�mucus�of������������,�an�eastern�

Atlantic�homing�limpet,�had�an�ability�to�trap�microalgae�as�well.�����

Gastropods�vary�in�their�ability�to�interpret�a�mucus�trail�and�the�information�

found�in�the�mucus,�ranging�from�navigation�to�following�conspecifics’�trails�in�order�to�

aggregate�and�prevent�desiccation�(reviewed�by�Davies�and�Hawkins�1998).����The�

predatory�opisthobranch,�������������,�follows�the�trails�of�its�prey�(as�cited�by�Bretz�

&�Dimock�1983),�but�cannot�detect�its�direction,�while�the�marine�mud�snail,��������


��
����can�detect�the�polarity�of�conspecific’s�trails,�preferring�to�follow�the�trail�in�the�

direction�in�which�it�was�laid�(Bretz�&�Dimock�1983).��The�marine�pulmonate,�

���������������������,�leaves�its�home,�a�hole�or�a�crevice�in�the�rocks,�to�feed�at�low�

tide�and�follows�its�own�mucus�trail�back�to�its�home,�but�does�not�always�home�with�the�

use�of�the�outward�mucus�trail�(McFarlane�1980).��Although�there�is�much�speculation�as�

to�whether�or�not�a�gastropod�can�detect�both�the�presence�and�polarity�of�a�trail,�the�

actual�mechanisms�mediating�recognition�of�mucus�trails�are�still�largely�unknown.��

Speculation�includes�a�response�to�the�chemical�cues�found�in�the�mucus�via�contact�

chemoreception.�����

� My�goal�was�to�determine�whether�����������behavior�changes�when�it�

encounters�mucus�from�a�non;neighboring�conspecific.��After�individuals�established�

territories�on�tiles�in�the�laboratory,�four�tiles�were�switched�in�each�arena,�two�tiles�from�

a�non;neighboring�conspecific�and�two�tiles�with�no�mucus�on�them.��Tiles�were�selected�

from�non;neighboring�conspecifics�as�a�‘dear�enemy’�effect�has�been�noticed�among�

neighboring�����������(pers.�obs.).��The�‘dear�enemy’�effect�arises�when�neighboring�

territory�holders�are�less�aggressive�towards�one�another�(Getty�1987,�Temeles�1994).��
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�
�����������behavior�was�examined�to�see�if�individuals�spent�less�time�on�tiles�with�

either�no�mucus�or�conspecific’s�mucus�compared�to�tiles�with�self�mucus.��The�role�of�an�

algal�film�was�investigated�by�determining�if�����������had�a�behavioral�change�in�

response�to�just�mucus,�no�algal�film�on�the�tiles,�either�from�itself�or�a�conspecific.�

�

����
���������������

���������

� �
�����������were�collected�from�Orange,�California�in�February,�2010�and�

shipped�to�Charleston,�Oregon.��Individuals�were�placed�on�the�experimental�setup�and�

allowed�to�acclimate�for�one�month.��This�was�to�ensure�that�the�limpets’�behaviors�were�

similar�to�those�in�the�field�and�individuals�were�healthy.��Natural�behavior�of�����������

is�that�individuals�will�forage�when�being�splashed�with�water.��If�an�individual�is�not�

healthy,�it�will�move�little�and�dies�within�a�few�days�of�stopping�movement�(pers.�obs.).��

Individuals�were�placed�on�unglazed�terra�cotta�tiles�on�a�sloped�sheet�of�plywood�in�sea�

tables.��To�mimic�the�tidal�cycle,�a�water�timer�was�hooked�up�to�a�flow;through�seawater�

system�which�ran�for�four�hours,�twice�a�day,�simulating�a�semidiurnal�tide.��The�waves�

were�generated�by�a�dump�tank�located�above�the�plywood�frame.��The�dump�tank�was�

connected�to�the�sea�water�system;�the�dump�tank�would�fill�with�water,�tip�over�

splashing�the�individuals�with�water�and�then�right�itself�via�a�counterweight.���
����

�������live�in�the�splash�zone�of�the�rocky�intertidal�and�four�hours�is�typically�the�

amount�of�time�organisms�in�this�zone�are�exposed�to�water.��Algal�growth�on�the�tiles�

was�promoted�by�a�high�output�fluorescent�system.��Limpets�are�macrophagous�generalist�

grazers�and�will�scrape�the�biofilm�found�on�rocks�((Underwood�1979,�Hawkins�&�
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Hartnoll�1983).��The�lights�were�on�a�12:12�light:dark�cycle�to�mimic�natural�seasonal�

conditions.��For�complete�details�of�����������husbandry,�see�Schroeder�(Chapter�2).���������

�

������
����� ���������	�!��������

Twenty;four�individuals�were�used�and�two�equal;sized�individuals�were�placed�

in�an�arena,�with�a�total�of�12�arenas�and�24�individuals�on�March�14,�2010�(Figure�7.1).��

Two�individuals�were�placed�in�each�arena�to�ensure�that�individuals�established�

territories.��The�experiment�ran�until�April�12,�2010.��Individuals�were�between�3.4�and�

4.1�cm�in�length.��The�arenas�were�equal�in�size�and�slightly�smaller�than�twice�the�

average�territory�(territory�size�is�correlated�to�limpet�length�in�the�field�(Stimson�1970)).��

The�arenas�were�constructed�by�making�a�frame�from�wooden�dowels.��Individuals�were�

restricted�to�their�arenas�by�6�cm�long�dowels�vertically�epoxied�to�their�shells.��When�an�

individual�encountered�the�edge�of�the�arena,�the�epoxied�dowel�prevented�it�from�

moving�into�another�arena.��

Chlorophyll�samples�were�taken�to�ensure�that�the�food�source�was�evenly�distributed�on�

the�experimental�setup.��Algal�density�was�estimated�by�visual�approximation,�i.e.,�did�the�

tiles�appear�to�have�an�even�coating�of�algae�on�them�and�confirmed�by�taking�two�

random�chlorophyll�samples�from�each�arena�(n=24),�scraping�a�corner�(~3.9�cm
2
)�of�a�

randomly�selected�tile�and�using�standard�chlorophyll�extraction�techniques�(Parsons�et�

al.�1993).��Samples�were�taken�before�the�experiment�and�after�the�experiment�and�

measured�in�a�fluorometer�(TD;700�Laboratory�Fluorometer,�Turner�Designs).��

�
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�
Figure�7.1.��Territories�with�algae�experiment.��12�arenas�defined�by�wooden�dowel�rods�

and�containing�20�uncoated�terra�cotta�tiles�were�exposed�to�intermittent�splashing�and�

light�for�four�weeks.��Each�arena�contained�two�similar;sized��
�����������(<2�mm�

difference).��Each�individual�had�a�6�cm�dowel�vertically�glued�to�its�shell.��When�the�

individual�encountered�the�fence,�the�dowel�prevented�it�from�escaping.���

One�tile�side�=�7.6�cm�

�

In�the�first�two�weeks�individuals�established�home�ranges.��After�one�week,�

individuals�were�monitored�to�determine�the�location�of�their�home�scars�and�the�next�

most�visited�tile.��Home�scars�are�locations�limpets�return�to�after�each�foraging�event�

(Wells�1917,�Galbraith�1965)�and�were�not�moved�during�the�experiment�(home�scar�

tile).��After�two�weeks,�four�tiles�were�switched�in�each�corral,�two�treatment�tiles�and�

two�control�tiles�(Figure�7.2).��The�second�most�visited�tile�was�replaced�with�a�tile�that�

was�free�of�mucus�(=�no�mucus�tile).��The�mucus;free�tile�was�a�tile�placed�on�the�

experimental�setup�at�the�same�time�as�the�other�tiles,�i.e.,�had�the�same�amount�of�time�

for�algal�growth�as�the�other�tiles,�but�no�limpets�had�moved�over�them.��The�second�

most;visited�tile�of�an�individual�was�randomly�placed�in�a�non;contiguous�arena�next�to�

another�individual’s�home�scar�tile.��The�second�most;visited�tile�was�used�as�the�

��������	�
�������

���
	��������
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treatment�tile�for�another�individual�(=�other�mucus�tile).��It�was�assumed�that�the�‘other�

mucus’�treatment�tiles�were�covered�in�mucus�because�they�were�the�most�frequented�

tiles�besides�the�home�scar�tile�of�each�individual.��The�switched�tiles�were�from�non;

contiguous�arenas�because�����������has�demonstrated�a�‘dear�enemy’�effect�when�it�

encounters�a�neighbor�(Temeles�1994).��A�third�tile�served�as�the�self;mucus�treatment�

tile�for�each�individual�which�were�the�rest�of�the�tiles�that�were�not�switched�(=�self;

mucus�tile).��These�tiles�were�adjacent�to�the�individual’s�home�scar,�but�not�moved�or�

adjusted�in�any�way.��Individuals�were�filmed�for�two�more�weeks�to�determine�if�they�

preferred�a�type�of�tile;no�mucus,�other�mucus,�self;mucus�or�home�scar�tile.�

�

Home�scar� No�mucus� � � Home�scar�

Other�

mucus�

� � No�mucus� Other�

mucus�

� � � � �

� � � � �

Figure�7.2.��Schematic�drawing�of�the�tile�switch�for�‘territories�with�algae’�experiment�in�

one�arena.��Four�tiles�were�switched�in�each�arena;�two�tiles�without�mucus�(no�mucus�

tiles)�and�two�tiles�with�mucus�from�a�conspecific�(other�mucus�tiles).��Individual�home�

scar�tiles�were�not�moved.��The�remaining�tiles�were�not�altered�(self;mucus�tiles).��The�

other�mucus�tiles�were�switched�with�the�second�most�visited�tile�for�each�individual.��

The�‘no�mucus’�tiles�were�randomly�switched�with�self;mucus�tiles,�but�placed�adjacent�

to�the�home�scar�tile.���

�

�

��
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� 
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� Twenty;one�individuals�were�placed�in�arenas�consisting�of�two�tiles�on�August�

18,�2010�(Figure�7.3).��The�arenas�were�surrounded�by�Astroturf�to�prevent�them�from�

leaving�the�arena.���
�����������will�not�cross�Astroturf�(Wright�&�Shanks�1993,�

Shanks�2002).��The�tiles�were�pressure�washed�and�scrubbed�to�ensure�that�no�algae�were�

on�them.��The�individuals�were�monitored�for�two�days�(four�foraging�cycles)�to�

determine�whether�they�crossed�over�to�the�other�tile.��On�the�third�day,�the�tile�less�

favored�by�each�individual�was�switched,�i.e.,�the�tile�the�individual�was�not�on.��The�

switched�tile�was�replaced�with�one�of�three�treatment�tiles;tiles�with�no�mucus�(held�

without�limpets),�tiles�with�mucus�from�a�conspecific�(a�tile�another�limpet�had�visited),�

and�tiles�with�the�individual’s�mucus�(a�tile�the�individual�had�visited).��Each�individual�

received�one�of�three�different�tiles�treatments.��If�the�individual�received�its�own�tile,�the�

individual�and�its�tile�were�picked�up�and�replaced�in�the�same�spot�to�mimic�the�

procedure�of�tile�switching�for�the�other�treatment�tiles�and�to�ensure�that�the�physical�act�

of�moving�the�limpet�did�not�affect�their�behaviors.�

�

���
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�
Figure�7.3.��Two�tile�test�without�algae�experiment.��Individuals�were�randomly�placed�in�

arenas�defined�by�Astroturf�borders�(n=21).��Individuals�were�placed�on�the�setup�and�

allowed�to�acclimate�for�two�days.��On�the�third�day�the�less�frequented�tile�was�randomly�

switched�with�one�of�three�treatments;no�mucus�tiles,�tiles�with�mucus�from�a�conspecific�

(other�mucus�tiles)�and�self;mucus�tiles.��Individuals�were�monitored�for�behavioral�

changes�after�the�tile�switch.����

�

����"�!�����
�
��!���

During�the�mock�high�tide,�limpets�were�photographed�for�four�weeks�using�a�

Digisnap�time;lapse�controller�(Harbortronics,�inc.,�model�2100)�attached�to�a�Nikon�

Coolpix�5700�digital�camera�mounted�above�the�experimental�setup.��Typically,����

�������only�moves�when�being�splashed�by�water�and�do�not�begin�moving�until�twenty�

minutes�after�first�being�splashed�(Stimson�1970).��A�picture�was�taken�every�15�seconds,�

for�5.5�hours,�twice�a�day.��Although�the�high�tide�lasted�four�hours,�the�extra�1.5�hours�of�

footage�at�the�end�of�the�high�tide�was�to�ensure�that�all�movement�was�captured.���
����

�������does�not�move�when�it�is�not�splashed�by�waves,�but�it�will�continue�to�move�

when�the�substrate�is�wet�(Stimson�1970,�Wright�&�Shanks�1993,�pers.�obs.).��The�

pictures�were�converted�to�.avi�movies�using�MakeAVI�software�

(http://sourceforge.net/projects/makeavi/).��AVI�files�were�converted�into�Quicktime�

�����������������
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videos�(AVS�Video�Converter�6.2)�and�analyzed�using�Image�J�software�

(http://rsbweb.nih.gov/ij/).��

�

#����������

Territories�with�algae�experiment�

During�the�first�two�weeks�of�territory�establishment,�individual�locations�were�

scored�to�determine�which�tiles�were�most�visited.��After�the�tile�switch,�the�number�of�

visits�to�each�type�of�tile�was�scored�every�10�frames,�which�was�every�2.5�minutes,�using�

ImageJ.��To�track�limpet�movement,�a�grid�was�constructed�and�placed�over�a�computer�

screen�that�divided�the�tiles�into�quarters.�An�individual�was�considered�in�a�square�if�

greater�than�50%�of�its�body�was�in�the�grid.��Movement�data�were�compiled�to�determine�

where�individuals�spent�the�greatest�amount�of�time.��Visits�to�each�tile�type�were�scaled�

to�the�number�of�treatment�tiles�visited,�i.e.,�the�number�of�visits�total�was�divided�by�the�

total�number�of�each�tile�type�visited.��Since�the�tiles�were�divided�into�quadrants�for�the�

image�analysis,�numbers�reflect�the�quadrants,�rather�than�one�tile.��For�example,�if�an�

individual�visited�‘no�mucus’�tiles�16�times�and�it�visited�4�‘no�mucus’�tiles�total,�the�

individual�had�four�‘no�mucus’�tile�visits.��This�was�done�to�standardize�the�number�of�

visits�to�each�tile�type�since�there�were�more�self�mucus�tiles.��The�four�tile�types�were�

the�home�scar�tile,�self;mucus�tiles�excluding�the�home�scar,�non;self�mucus�tiles�and�no�

mucus�tiles.��Each�tile�type�was�then�ranked�from�1;4,�with�the�most�frequented�type�

being�one�and�the�least�visited�being�four.��One�individual�was�eliminated�from�analysis�

because�it�re;established�a�home�scar�on�a�treatment�tile�and�another�individual�died�prior�

to�the�tile�switch.��The�ranked�data�were�analyzed�using�a�non;parametric�one;way�
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ANOVA�with�tile�type�as�the�fixed�treatment�and�the�visit�ranks�as�the�dependent�variable�

(SAS�version�9.2).���

�

Two�tile�test�without�algae�experiment��

Limpets�were�scored�as�either�movers�or�non;movers�based�on�observations�from�

time;lapse�images.��Limpets�were�considered�movers�if�they�crossed�over�to�the�

experimental�treatment�tile�at�any�time�in�either�the�one�day�before�tiles�were�switched,�

the�day�the�tiles�were�switched,�or�the�day�after�the�tiles�were�switched.��I�therefore�

compared�a�binomial�response�variable�(mover�versus�non;mover)�among�tile�treatments�

and�our�three�time�periods.��The�ratio�of�movers�to�non;movers�was�ranked�based�on�the�

time�and�tile�treatment�and�analyzed�using�a�non;parametric�2;way�ANOVA.��The�

individuals�were�monitored�to�determine�if�they�crossed�over�to�the�other�tile�and�

exhibited�any�noticeable�behavioral�changes�such�as�tile�avoidance�or�an�increase�in�

speed�as�the�tile�was�crossed�(SAS�version�9.2).���

�

�������

������
����� ���������	�!��������

Prior�to�the�tile�switch�in�the�‘territories�with�algae’�experiment,�individuals�

behaved�normally.��They�established�home�ranges�and�home�scars,�a�specific�location�an�

individual�returned�to�after�each�foraging�event.��Individuals�only�foraged�when�the�dump�

tank�was�running�and�they�were�being�splashed�with�waves.��One�individual�died�during�

the�first�two�weeks�of�territory�establishment.��Chlorophyll�samples�were�taken�at�the�

beginning�and�end�of�the�experiment�(beginning�measurement;0.152�Og/cm
2
�+�0.02�
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(mean�+�standard�error)�and�end�0.209�Og/cm
2
�+�0.05).��The�amount�of�algae�increased�

slightly�at�the�end�of�the�experiment,�but�the�results�demonstrate�that�the�food�source�was�

consistent�and�the�tiles�were�evenly�covered�in�biofilm.���

There�was�no�noticeable�change�in�foraging�behavior�after�the�tile�switch.��

Individuals�continued�to�forage�in�their�territories�and�return�to�their�home�scars�prior�to�

the�administration�of�experimental�treatments.��The�home;scar�tile�was�the�most�

frequented�tile�for�all�individuals,�followed�by�no�mucus�tiles,�self;mucus�tiles,�and�other�

mucus�tiles�(Figure�7.4).��Pair;wise�orthogonal�contrasts�were�employed�to�test�for�

specific�differences�among�treatments.��Visits�to�the�home;scar�tile�were�significantly�

higher�than�to�any�other�tile�type�(non;parametric�ANOVA,�F=8.72,�n=22,�p=0.004).��

Although�I�expected�that�individuals�would�spend�the�most�time�on�the�home�scar�tile,�the�

data�were�used�to�ensure�that�individuals�continued�to�behave�normally�after�the�tile�

switch.��Individuals�returned�to�the�exact�location�after�each�foraging�cycle.��Visits�to�no�

mucus�tiles�were�significantly�more�frequent�than�visits�to�both�of�the�mucus�treatments�

(non;parametric�ANOVA,�F=127.69,�n=22,�p�<�0.001).��This�can�be�accounted�for�since�

individuals�spent�the�least�amount�of�time�on�other�mucus�tiles.��Visits�to�self;mucus�tiles�

were�significantly�more�frequent�than�to�other�mucus�tiles�(Figure�7.5,�non;parametric�

ANOVA,�F=6.52,�n=22,�p�=�0.013).���
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Figure�7.4.��Territories�with�algae�experiment.��Four�different�tile�types�were�ranked�

based�on�the�number�of�visits�to�each�tile�type.��The�four�tile�types�were�tiles�with�no�

mucus,�mucus�from�a�conspecific,�self;mucus�and�a�home�scar�tile.��Visits�to�each�tile�

type�were�standardized�based�on�the�total�number�of�visits�to�each�tile�type.��Individuals’�

visits�(n=22)�were�ranked�1�to�4�(least�to�most)�and�ranks�were�averaged�(average�+�SE).�������
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Figure�7.5.��Territories�with�algae�experiment.��The�number�of�visits�to�other�mucus�tiles�

compared�with�self;mucus�tiles.��Numbers�were�averaged�for�all�individuals�(average�+�

SE).��Individuals�significantly�visited�tiles�with�their�own�mucus�more�frequently�than�

tiles�with�a�conspecific’s�mucus�(non;parametric�ANOVA,�F=6.52,�n=22,�p�=�0.013).�

�

�

�
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All�individuals�moved�during�the�foraging�cycles�prior�to�the�tile�switch�on�day�

five.��Individuals�were�monitored�to�see�whether�they�crossed�over�to�the�other�tile�during�

the�first�two�days,�which�was�equal�to�four�foraging�cycles.��Individuals�were�divided�into�

groups�based�on�treatment;no�mucus,�self;mucus�and�other�mucus.��Roughly�half�crossed�

over�each�cycle�(4�out�of�7�individuals)�prior�to�the�tile�switch�for�the�no�mucus�and�self;

mucus�treatments.��The�other�mucus�group�crossed�over�at�a�higher�rate�during�the�first�

three�foraging�cycles�(Table�7.1).��Since�the�other�mucus�group�crossed�over�the�other�tile�

at�a�greater�rate�than�the�other�two�groups,�the�crossing�over�data�were�ranked�to�

standardize�the�baseline.��The�treatment�type�(no�mucus,�self;mucus,�other�mucus)�had�no�

effect�on�an�individual’s�movement�(2�way�non;parametric�ANOVA,�F=0.10,�n=21,�

p=0.9).��Time�was�significant�and�all�individuals�reacted�the�same�way,�moving�to�the�

other�tile�with�a�greater�frequency�when�tiles�were�switched�(2�way,�non;parametric�

ANOVA,�F=4.57,�n=21,�p=0.03).��The�results�suggest�that�the�treatment�didn’t�matter,�

but�time�did�(Figure�7.6).��There�was�no�treatment*time�interaction�(2�way,�non;

parametric�ANOVA,�F=1.59,�n=21,�p=0.24).���

�

�

�

�

�

�

�
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Table�7.1.��Two�tile�test�without�algae�experiment.��Individuals�were�placed�on�a�tile�in�

individual�arenas�with�two�tiles�(n=21).��They�were�monitored�for�four�foraging�cycles�

(pre;switch,�two�days)�to�determine�whether�or�not�they�crossed�over�to�the�other�tile.��On�

the�fifth�foraging�cycle�(switch,�day�three),�one�of�the�two�tiles�was�switched�with�one�of�

the�three�treatments;tiles�with�no�mucus,�self;mucus�or�mucus�from�a�conspecific�(other�

mucus).��The�number�that�crossed�over�to�the�treatment�tile�was�calculated�for�foraging�

cycles�six�and�seven�(post;switch).�����

�

������������������������������Foraging�cycle�

�

�����������Pre;switch���������������Switch����Post;switch�

Treatment� Crossed�over?�� (1� 2� 3� 4)�������(5)�������(6����������7)� �

�

No�mucus� �������Yes� � 3� 3� 4� 5� 5� 4� 4�

� � �������No�� � 4� 4� 3� 2� 2� 3� 3�

�

Self;mucus� �������Yes� � 3� 3� 4� 2� 5� 5� 4�

� � �������No�� � 4� 4� 3� 5� 2� 2� 3�

�

Other�mucus� �������Yes� � 6� 6� 5� 4� 7� 4� 4�

� � �������No�� � 1� 1� 2� 3� 0� 3� 3�

�

�

�

�

�

�

�

�

�

�

���������� ������ �����������
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Figure�7.6.��Two�tile�test�without�algae�experiment.��Average�rank�of�individuals�that�

crossed�over�to�other�tile�(3�treatments,�n=7�per�treatment,�21�total)�based�on�foraging�

cycle.��Two�foraging�cycles�occurred�per�day.��Individuals�were�monitored�for�four�

foraging�cycles�(2�days)�prior�to�the�tile�switch�and�the�ratio�of�movers:non;movers�was�

ranked�and�compared�(2�way,�non;parametric�ANOVA,�p=0.24).��The�ranks�were�

averaged�for�pre;tile�switch,�tile�switch�and�post;switch�(average�+�SE)�for�each�treatment�

(no�mucus�=�solid�line,�self;mucus�=�long�dashed�line,�other�mucus�=�short�dashed�line).���

�
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Mucus�serves�many�purposes,�from�aiding�movement�to�promoting�algal�growth�

(Bretz�&�Dimock�1983,�Connor�&�Quinn�1984,�Davies�et�al.�1992a,�Erlandsson�&�

Kostylev�1995,�Davies�&�Hawkins�1998,�Hutchinson�et�al.�2007).��I�examined�a�potential�

new�role�of�mucus,�as�a�boundary�marker�in�the�territorial�and�homing�limpet��
����

������.��Shanks�(2002)�reported�that�a�territory�holder�prudently�grazes�in�its�territory,�

leaving�~71�%�of�the�algal�cover�behind,�compared�to�a�non;territorial�individual�that�

leaves,�on�average,�50�%�behind.���
�����������do�not�necessarily�avoid�territorial�

borders,�but�may�undergo�a�behavioral�change�in�foraging�when�a�border�is�encountered.��

Territory�holders�will�graze�prudently�in�their�own�territories,�but�when�intruding�on�a�

conspecific’s�territory,�they�essentially�clear;cut�the�area�(A.�Shanks,�unpublished�data).��

In�the�current�experiments,�I�did�not�find�evidence�of�enhanced�residency�on�tiles�

belonging�to�a�conspecific.��In�contrast,�I�found�that�����������avoided�tiles�marked�

with�mucus�from�a�conspecific,�relative�to�tiles�with�their�own�mucus�or�neutral�territory,�

that�is�tiles�without�any�mucus.�

The�results�from�the�‘territories�with�algae’�experiment�indicate�that�individuals�

preferentially�visited�tiles�that�were�coated�in�self;mucus�(their�own�territory)�or�no�

mucus�(neutral�territory)�and�visited�tiles�with�a�non;neighbor’s�mucus�(marked�territory)�

the�least.��Avoidance�of�marked�territory�tiles�cannot�be�attributed�to�introduction�of�tiles�

into�the�arena�because�neutral�territory�tiles�were�also�introduced�into�the�arena�and�show�

enhanced�residency�relative�to�mucus�treatments.��This�suggests�that�something�on�the�

tile,�rather�than�simply�a�new�tile,�caused�limpets�to�spend�less�time�on�the�non;self�

mucus�tiles.��When�����������encounters�an�invader�in�its�territory,�it�shoves�the�
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interloper�and�chases�it�to�the�boundary�of�its�territory�(Stimson�1970,�1973,�Wright�

1982,�Wright�&�Shanks�1993).��The�intruder�quickly�retreats�to�outside�the�territory.��

Avoidance�behavior�would�assist�the�intruder�by�escaping�costly�encounters.��Conversely,�

territory�holders�could�avoid�moving�onto�another�individual’s�territory�by�sensing�a�

conspecific’s�mucus.�Territories�of�L.��������are�often�contiguous�in�the�intertidal.��By�

avoiding�a�conspecific’s�territory,�an�individual�avoids�potential�costly�encounters.������

Another�interesting�aspect�is�that�the�two�individuals�in�each�arena�did�not�form�

exclusive�territories.��Arenas�were�set�up�under�the�assumption�that�individuals�would�

avoid�each�other�and�establish�exclusive�territories.��As�mentioned�above,�in�the�field�

individuals�often�form�contiguous�but�exclusive�territories�(Stimson�1970).��The�original�

experimental�plan�was�to�switch�tiles�within�arenas.��It�became�apparent�that�individuals�

had�not�established�exclusive�territories�so�tiles�from�non;contiguous�arenas�were�

switched�rather�than�within�the�arenas.��In�seven�of�the�twelve�arenas�had�enough�overlap�

(overlap�was�>�2.5�tiles)�to�compare�whether�individuals�visited�tiles�less�frequently�if�the�

other�individual�visited�the�same�tile.���A�correlation�between�the�numbers�of�visits�each�

individual�made�to�shared�tiles�showed�that�there�was�not�a�negative�relationship�between�

how�much�time�an�individual�spent�on�a�tile�based�on�the�other�individual’s�visits�to�the�

same�tile�for�six�of�the�seven�arenas�(Pearson’s�correlation,�p>0.05�for�all�six�

correlations).��One�arena�that�had�overlapping�territories�had�a�positive�correlation�

(Pearson’s�correlation,�n=31,�p>0.05).��Individuals�visited�tiles�more�frequently�that�the�

other�individual�had�visited.���

� The�algal�biofilm�was�a�variable,�but�since�the�tiles�were�evenly�coated�as�

confirmed�with�the�chlorophyll�samples,�it�was�assumed�that�the�algae�did�not�add�a�
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confounding�effect�to�the�study.��In�the�field�there�is�an�algal�biofilm,�so�the�presence�of�

algae�was�biologically�relevant.��My�second�experiment�examined�the�role�of�just�mucus�

without�algae�present�on�the�tiles.��I�demonstrated�that�a�biofilm�is�a�necessary�interaction�

and�cannot�be�teased�out.��There�was�no�difference�among�the�treatments�and�the�only�

significant�factor�was�time.��After�all�the�tiles�were�switched�to�their�respective�treatment�

tiles,�the�number�of�individuals�that�crossed�over�to�the�other�tile�increased���Whether�or�

not�the�tile�had�mucus�from�another�individual�didn’t�seem�to�matter�if�no�biofilm�was�

involved.��If�food�had�been�present,�individuals�that�crossed�over�to�tiles�with�no�mucus�

or�self;mucus�may�have�stayed�on�that�tile,�while�the�individuals�that�crossed�over�to�

other�mucus�tiles�would�continue�to�avoid�those�tiles.��������

Mucus�may�serve�as�a�chemosensory�cue�in�territorial�limpets.���
�����������

does�not�patrol�its�borders�like�other�territorial�animals,�rather,�it�chases�intruders�when�it�

encounters�an�interloper�(pers.�obs.).��Mucus�may�be�a�way�to�communicate�boundaries�to�

conspecifics�on�a�long�term�basis.��By�laying�a�mucus�boundary�on�a�substrate,�an�

individual�can�avoid�costly�energetic�confrontations.��Scent�marking�is�common�in�the�

animal�world;�theories�to�explain�them�range�from�scent�marks�being�a�possible�sex�

attractant�to�a�method�of�communicating�information�about�age,�dominance,�etc.�(Johnson�

1973,�Rich�&�Hurst�1998,�Briscoe�et�al.�2002,�Darden�et�al.�2008).��Scent�marking�has�

been�speculated�to�function�in�boundary�marking�around�a�territory�(Peters�&�Mech�1975,�

Sliwa�&�Richardson�1998,�Jordan�et�al.�2007,�Kilshaw�et�al.�2009).��While�I�focused�on�

mucus�as�a�chemosensory�cue,�the�next�step�would�be�to�determine�how�����������

senses�mucus�and�what�components�distinguish�an�individual’s�mucus�from�a�

conspecific’s�mucus.���
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