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Abstract of the Dissertation
The evolution of mutualism between alpheid shrimp and gobiid fishes. a balance between
benefits and costs
by
Patrick J. Lyons
Doctor of Philosophy
in
Ecology and Evolution
Stony Brook University

2012

| describe several assays designed to examine how costs and benefasimteedevelopment
of mutualisms between species. A mutualism occurs between alpheid shrimp andigjusid f
These shrimp have poor vision but good burrowing ability. Individual shrimp share their §urrow
with a goby that, with good vision but no burrowing ability, acts as a watch-out \wasimimp
when predators approach. In the Caribbean, a single spggeenguswhich has been
described as a mutualist, follows these behaviors. Others, s@tbraxjobius saepepallens
casually use shrimp burrows, rarely warn shrimp of danger, and are bett#vateas
commensalists. | found thit longusmore effectively avoids predators while using shrimp
burrows tharC. saepepallensrhus, tight mutualism with shrimp is advantageous, especially in
areas where shrimp burrows are abundant. | have quantified several belnatibkely allow

N. longusto use burrows more effectively. Why then woGldsaepepallensot evolve such

behaviors and become a strict mutualist if strict mutualism is advantagemug@bies, there is



likely a cost associated with mutualism with shrimp. To warn shrimp, gobiesemusin at a
burrow entrances and restrict foraging to that small area. | found that on theesancted diet,
C. saepepallenlost more weight thaN. longus Thus,C. saepepallensiay be constrained to a
casual association with shrimp due to foraging requirements. This story @sdieat strict
mutualism may evolve infrequently because few species can overcome tleatmosts of

mutualism.



Frontispiece




Table of Contents
LSt Of T A S eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et e e e e e e et e e e e e e e e e e et e e e e e e e e e e enaeaaans Vii
IS o 00 =SS viii

Chapter 1: Differencesin mutualism dependency and their relation to the under standing of

Pathsto obligate MUEUBIISM ... et 1
I A T o] o Yo [0 [o3 10 TP PRRR 2
2 |V, = 1 [T [T TRT 7
L 3 R BSUINS .. e e 12
Lo IS CUS SION ettt et ————————— 15
S | (Y = LU [ (Y O] (<Y o TR 20
Chapter 2. The benefit of mutualism to obligate and facultative mutualistsin a shrimp-
(01010} V= 1SS o e K= LA o o USRI 31
2 N [ { (o To [U 1 1 To ) o [T PTPRRTR 32
2.2 IMBENOAS. e e 34
2. 3 R SUIS et 39
N B T o U 1] (o] o (TP 40
Y I | (= =11 (=3 O | (=T [T 44
Chapter 3. Foraging requirements as a constraint on a shrimp-goby mutualism................ 58
I I 011 (o Yo [F 1 (0] o HU TR 59
I |V, =) { g o Lo K- TP PRTTPRRRPRN 62
B B R BSUIS .o e 68
I N B T o U 1] (o] o IR 72
R M =] = LN (S O] (=] IR 76
ST o] 10T =T o] oY/ 85

Vi



List of Tables

Table Page

Table1.1 Two-way permutation MANOVA with the dependent variable time spe7

in each the 11 different positions of the reference grid.

Table 1.2 Results of a two-way ANOVA with species and location as independer8
variables and shrimp emergence times from a burrow with the focal goby iropositi

A as the dependent variable.

Table2.1 Results of multiple one-way ANOVAs on different variables related to 50

goby reaction to a model predator.

Table 2.2 Results fromn situobservations of gobies on two variables: re-emergeb@e
time (duration spent in a burrow after being frightened) and flight imitiatistance

(distance from a SCUBA diver when a focal goby began its retreat).

Table 2.3 Results of two-way permutation MANOVA with species and site as 53
independent variables.

Table3.1 Results of a three-way permutation ANOVA with total invertebrate 80

abundance in digestive tract contents of gobies as the dependent variable.

Table 3.2 ANCOVA with percent mass losss the dependent variable. 81

Vil



List of Figures

Figure Page
Figure 1.1 Positions used to quantify goby location and burrow use. 29
Figure 1.2 Mean time £ 95% CI) gobies spent in each position. 30

Figure2.1 Orientation of a focal goby in relation to the model predator that movest

from right to left.

Figure 2.2 Mean survival time for the two goby species using three different shebér

types during staged interactions with a live predator in 190-1 aquaria.

Figure 2.3 Left axis: flight initiation distance for the two goby species and tves sit56
Right axis: emergence time (after being frightened into a burrowiiéamio goby

species.
Figure 2.4 Average time spent at different distances-to-shelter. 57

Figure 3.1 Mean abundance of sediment infauna from each of four invertebrate &Xa

as well as total abundance of all taxa combined.
Figure 3.2 Total gut contents of both goby species at both sites. 83

Figure 3.3 Comparisons of digestive tract content of gobies with sediment infaurgt
from shrimp burrow entrances using barplots and Principal Components Analysis
(PCA).

viii



Acknowledgments

First and foremost, | thank my PhD advisor, Jeffrey Levinton, for helpingleasi
develop into a dissertation and helping me develop into a scholar. Few people d¢adefiatc
understanding of the marine world and such has certainly contributed to Hisreeas a
mentor and advisor. In addition, Jeff and | share a passion for the marine world, anaditym

that has been the basis of a friendship that will certainly last mang. year

The data, which | use below to tell a story, could not have been collected withoupthe hel
of many hard-working Perry Institute for Marine Science interns inotulristal Ambrose,
Danielle Calini, lan Chambers, Tiffany Gray, Grace Harwell, Johamffatdn, Courtney Kiel,
Emily Machernis, Caitlin “Shades” O'Brien, Alex Paradise, and Jears&ean addition,
several staff members of the Perry Institute facilitated datactiolteincluding lkemond Black,
Brenda Gadd, Sue Gordon, Eric Lamarre, John Marr, Erich Mueller, Mereditm&evand

Tori Redinger.

Data collection also would not have been possible without funding from the W. M. Keck
Foundation Program in Molecular Systematics and Evolution at the NaturalyHhsteseum of
Los Angeles County, a Sigma Xi Grant in Aid of Research, and a Stony Brook Eenldgy

Evolution Slobodkin Award.

Two collaborators, Christine Thacker and Andrew Thompson, both experts on shrimp-
goby mutualism (the focus of my work), have been very helpful in various ways. kufsrti
Chris opened a channel of funding through her home institution (The Los Angeled Natura
History Museum) that was my primary source of funding. In addition, Christm&ead me to

borrow equipment, which greatly facilitated data collection.



My committee, Doug Futuyma, Michael Bell, and Mark Hixon, has beearegly
helpful throughout the development of this dissertation. Doug was my first c@ammémber,
having taught several courses/seminars in which | was enrolled. Hisneagledge of natural
history and evolutionary biology has certainly helped me formulate my resdass and my
dissertation. Mike and Mark both were later additions to my committee but have both brought

vital experience and knowledge on working with fishes and coral-reef systems

My education has been a long road, and consequently, | have formed many life-long
friendships during my travels. These friends have helped me formulateentifscideas,
helped me collect data, and provided much needed diversions from the rigors of education.
These have included childhood friends (Nick Leone and Rob Lynch), lab mates @ddat
and Abby Cabhill), ecology and evolution rock stars (Stephen Baines, Rocio Nghemdirde),
Stony Brook graduate students (Lee Brown, Ben Greene, Xia Hua, Catméivsky, Joe
Lachance, Matt Lammens, Adam Laybourn, Mike McCann, Dan Moen, Ben Newmson Ali
Onstine, Jessica Stanton, Jess Ray, and Stephen Sabatino), and inhalifantfoolery Cay”
(Mark Albins, Casey Benkwitt, Danielle Calini, Cole Easson, Kurt Ingei@agg Judd, Tye

Kindinger, Alex Paradise, Tim Pusack, Tori Redinger, and Lillian Tuttle).

During my last year of graduate school, my girlfriend, Casey Benkwithdwmsme my
light at the end of the graduate school tunnel and my raison d'étre. She isahgreddr, dance
partner, co-conspirator of tomfoolery, dive buddy, best friend, and the most imgetson in
my life. Falling in love with her was easy as pie and | look forward to our tweamblaand all the

walking we have to do.



Finally, | thank my family. | am blessed with three younger brotheusy$Craig, and
Larry that have been life long friends and sometimes partners-in-crivag.nBve supported me
in my endeavors and | in theirs, and | look forward to seeing the paths that treeiakeeTo
my parents, Raymond and Katherine Lyons, | owe more than anyone for their ung/éwes
and support. In a very large way, they are responsible for me being ablste my lifelong
passion, studying ocean. My parents nurtured this passion in me as a youngsieidaygome
with a library of books on marine life, sitting with me through hours of Nova andNawr
programs, bringing me to the ocean, and rising early in the morning to takehimg.finto my
adulthood, they continued their support and pushed me to excel in high school, gain a Bachelor’s
Degree at the University of Rhode Island, and now to finish my PhD at Stony Broodesity.
| know they look forward to watching my future unfold and will continue to support me through

all of my endeavors and adventures.

Xi



Chapter 1: Differencesin mutualism dependency and their relation to the under standing of

pathsto obligate mutualism

Abstract Alpheid shrimps and gobiid fishes engage in a mutualism in which a shrimp, which
has poor vision, constructs a burrow that it shares with a goby, which has good vision. The goby
in turn, provides the shrimp with information on predators outside the burrow. | compared the
behavior of three goby species toward a single shrimp species. Thatsssdetween the
shrimp and three gobies have previously been described as commensalismiviacultat
mutualism, and obligate mutualism. | found that the obligate goby spent théimmst
communicating with shrimp, had greatest preference for the shelter provigadrop, and
spent the longest durations with individual shrimp before switching to another host. The
facultative mutualist was intermediate between the obligate and comrspassds for each of
these behaviors save the last, in which it was similar to the commensal Spemieshese
findings, | conclude that increasing reliance on a mutualist partneespgscnatched with
increasing preference for the resource the mutualist partner provides oveestlugces and
increasing preference for the resource provided by a mutualist partner tageggsbvisioning
of better quality and quantity of resources to the mutualist partner. An ipalbiatspecies to
evolve means of provisioning better resources may inhibit species from evolmwagiapendent

associations with their mutualist partners.



1.1 Introduction

Mutualism is an interspecific interaction benefiting both associatingespéBoucher et
al. 1982). A long-standing quandary is how these associations could arise given ttaentonst
that natural selection should only favor only traits beneficial to the orgahisrbsring them
and not other individuals (Williams 1996). Darwin wrotk,it'could be proved that any part of
the structure of any one species had been formed for the exclusive good of another species, it
would annihilate my theory, for such could not have been produced through natural selection”
(Darwin 1859) Thus, an important focus of the study of evolutionary change should be

clarification of the conditions that allow mutualism to evolve.

A potentially useful framework for studying the evolution of mutualism is gpeoison
of obligate and facultative mutualist and commensal species (RoughgardenAr9@al)gate
mutualist species cannot persist without the resource provided by its ppeoers (Wolin
1985). A facultative mutualist derives a benefit from resources that its ipsp@es provides,
but does not depend solely upon those resources (Wolin 1985). Facultative mutualisia mainta
the ability to gain the resource through alternative means, whereas obligatdists either
cannnot do so or do so with greatly reduced efficiency. Commensal species athahosap a

benefit from another species but do not provide any benefit in return (Boucher et al. 1982)

Because obligate mutualists are more reliant on the resources provided pgutimeir
species than facultative or commensal species, they suffer gresess fieductions in the
absence of partner species. This pattern has been demonstrated in mutépis.dysr example,
the pollen of obligate animal-pollinated plants has traits that allow attachona@mimals but

lacks traits that readily allow transport by wind (Stebbins 1970). Many plartariteghat



defend the plants from herbivores. When ants are excluded, plant species that aedyobligat
guarded by ants suffer greater foliage loss than those facultativelgleyl (Fiala et al. 1994,

Heil et al. 2001, Rosumek et al. 2009). A similar mutualism occurs between ants and aphids, i
which ants provide protection and aphids provide a sugar solution (Stadler and Dixon 2005).
Once again, in the absence of ants, aphid species obligately guarded byfantgeater
decreases in fecundity than those that are facultatively guardede(&taal. 2002). There are
facultative and obligate mutualists among corals that host mutualiskardbellae

(endosymbiotic dinoflagellates). Obligate coral species “bleach” anflttiein zooxanthellae
symbionts are expelled and not resequestered (Csaszar et al. 2010). In, con&iast

facultatively associated with zooxanthellae regularly expel &eddr long periods without

zooxanthellae (Dimond and Carrington 2008).

In most cases, it can be assumed that obligate mutualist species evalegt ier
commensal or facultative mutualists, with the exception of those that have®btigaalist
ancestors (Pellmyr et al. 1996) and those that are derived from parashiostgiAanen and
Hoekstra 2007). Both obligate and facultative mutualist species are likeliitotdraits
(behavioral, morphological, or physiological) that allow participation in momsli However,
some traits are harbored exclusively by obligate mutualists, for egaplahts that are
facultatively guarded by ants, with few exceptions, only provide extra fiecibries for their
ant associates, in contrast with plants that are obligately defended and pravidetthe
associates with shelter in the form of hollow stems or thorns and protein and hpidartc
bodies. (Bronstein et al. 2006). Such traits may have evolved through two mechansms. Fir
they may have been gained during a transition to obligate mutualism, perhaph throug

coevolution (Thompson 1994, Jousselin et al. 2003). Alternatively, such traits may allow only a



certain subset of species already harboring them to evolve obligate nmifugisthese traits
pre-adapt certain species to obligate mutualism (Pellmyr et al. 1996).byhc@mparing
differences between obligate and facultative mutualists and related rioaklista, we can start
to explain the transitional pathways in traits and perhaps understand the mechagisatsg

the evolution of mutualism. Such is the goal of this study.

| focused on a protective and sheltering mutualism between an alpheig shdrthree
gobiid fishes in the Bahamas (Karplus 1987). The shrimp constructs a burrow indhe/isich
is used by the mutualist partners in avoiding predators. Mututalist gobidseanselves
incapable of burrowing and are quickly eaten when shrimp are absent, espe@allgovbther
shelter is available (Thompson 2005). Mutualist shrimp have poor vision, and consegeently ar
vulnerable when they emerge from their burrows when maintaining the burrovagmy in the
periphery of their burrow entrance (Karplus 1987). However, gobies remain at batrances
and warn their shrimp partners when predators are present, allowing sejemsegKarplus
1987). Warning takes two forms. First, a goby may rapidly flutter its ¢téindan the antennae
of the shrimp. Once a predator is very near the burrow entrance, a second wgnahig sised.
This signal is a rapid head-first retreat into the burrow, which is more bksgjf-preserving
than warning behavior, but nonetheless at least serves as a warning to shrineattante the
burrow (Karplus et al. 1972, Preston 1978, Karplus 1979, 1987). Shrimp without partners do not

emerge from their burrows and suffer a growth decrement (Thompson 2003).

Over 120 gobiid species, within 12 genera, and 20 alpheid species, all within the genus
Alpheus participate in this mutualism (Thacker et al. 2011). Most of these associatgumsroc
the Indo-Pacific. Interestingly, most gobies have been described aatelaggociates with

shrimp and exhibit the behaviors described above. In contrast, gobies fadyltsariated

4



with shrimp rarely warn shrimp with caudal fin fluttering. However, shrimp uad-fiest

retreats of these gobies as indication of the presence of predators. Gobiasaile @ssociation

with shrimp are within two distinct clades in the Indo-Pacific (Thaeked. 2011), and one
speciesNes longugNichols), in the western Atlantic (Karplus 1992, Ruber et al. 20B68bies

in facultative association with shrimp include one species described in Japagi§damal 978)

and three described in the western Atlantic (Wayman 1973, Weiler 1976, Karplus 1992, Randa

et al. 2005, Kramer et al. 2009).

The present study was conducted in the western Atlantic and focused on threeo$pecies
goby: (1) the obligate shrimp-associitelongus (2) Ctenogobius saepepalle(Silbert &
Randall), which is one of the three gobies whose association with shrimp is dessribe
facultative, and (3Coryphopterus glaucofraenu(@ill), which | characterize here as a
commensal species (Karplus 1992, Randall et al. 2005, Kramer et al. 2009). All thtke us
burrows ofAlpheus floridanugKingsley), although each associates with the shrimp in a different
way. N. longusare almost always associated with shrimp burr@vsaepepallenkess so, and
C. glaucofraenuneven lessN. longusoften uses both warningS, saepepallensarely uses
caudal fin warnings, an@. glaucofraenunmas never been reported using either. None of the
three gobies are sister species and none are closely related to arshothprassociated gobies

(Thacker and Cole 2002, Ruber et al. 2003, Thacker 2003, Pezold and Buth 2004).

| conducted a set of experimentsinlongus C. saepepallenandC. glaucofraenunto
test four predictions on the distinction between obligate and facultative mistaaics
commensal species. Shrimp burrows are one of many different resourcegdhgtcan use
when avoiding predators. Other shelters are sometimes available sdivehcaral, coral rubble,

sea grasses, mollusc shells, and burrows of other crustaceans. The fictiopregdihat

5



preference for shrimp burrows versus other shelters will be ortlerdedgus> C. saepepallens

> C. glaucofraenum

Gobies can budget different amounts of time toward remaining at burrow entrances
guarding shrimp partners as opposed to foraging in the vicinity of the burrow. Timeastrent
burrow entrance is the resource allocated by the gobies to shrimp. By spendirigmaaiea
burrow entrance, a goby allows its shrimp partner more opportunity to safielge from the
burrow (Thompson 2003). The second prediction is that time spent guarding shrimp will be

orderedN. longus> C. saepepallens C. glaucofraenum.

Gobies can switch between individual different shrimp partners on diffememttales.
The third prediction is that the time spent with an individual shrimp partner, befdobisgito

another, will be ordereN. longus> C. saepepallens C. glaucofraenum

Species are likely to be differentially useful to their mutualist pagpecies. A goby is useful to
a shrimp by allowing the shrimp safe emergence. However, it is unlikelgtthatp will have
similar patterns of emergence with all three goby species becaus$edmdies in behavior of
the gobies, which likely confer different degrees of protection of the shrimpgiredators. The
fourth prediction is that the number of shrimp emergences with a focal gobptprdsbe

orderedN. longus> C. saepepallens C. glaucofraenum

Each of these predictions was upheld and there was a clear gradient fronnsairime
facultative mutualist to obligate mutualist for each. There was a slighataevirom the third
prediction in that | found that. saepepallenandC. glaucofraenumemained at individual
shrimp burrows for a similar duration, it longusremained with individual shrimp partners

much longer. Below, | discuss these differences to draw two main concludipmsréasing



reliance on a mutualist partner species is matched with increasiegemed for the resource the
mutualist partner provides over other resources and (2) increasing preferetihesrésource
provided by a mutualist partner necessitates provisioning better quality andygofresources

to the mutualist partner.

1.2 Methods

All experiments and observations were conducted at the Perry Institiarioe
Sciences located at Lee Stocking Island, Exuma, Bahamas. Experiments awatioinsevere
carried out during the summers of 2008 and 2009. | focused on the presumed oblightegyoby
longus the facultative mutualisE. saepepallensand the presumed commen&al
glaucofraenumAll three species are abundant in the shallow waters around Exuma. A second
described facultative gobBathygobius curacafMetzelaar)was present but very rare and was

omitted from the study.

For most of the studies, | used two shallow field sites dominated by seaghmseans
(23°45'35.64"N, 76° 7'59.64"W) and Woobie (23°49'4.55"N, 76°11'17.43"W). The two field
sites were quite differenf. floridanusburrows, other types of burrows, and seagrasses were
more abundant at site Normans (Appendix). Predatory j@zsngoides rube(Bloch) and
Carangoides bartholomaéCuvier), and lizard fishSynodusntermediugSpix and Agassiz)
occurred at both site€.. glaucofraenumvas absent at the site Woobie but was present on a

nearby reef.

At each site, three 35-m transects were run, witlf tnmadrats every 5 m (n=21 quadrats
per site). The number @&. floridanusburrows, other burrows, blades of turtle gradsafassia

7



testudinunBanks ex Konig), manatee graSy(ingodium filiformeKuetz), and percent debris

cover (algae, dead uprooted seagrass, etc.) was recorded for each quadrat.

Resource preference by gobies

A laboratory experiment was designed to test whether gobies find and piefisrese
the burrows ofA. floridanusrather than other shelters. Pairs of artificial burrows of white
polyvinyl chloride (PVC) pipe measuring approximately 20 cm long, with an inaareder of
2.5 cm, were placed at opposite ends of 190-liter aquaria. These dimensimm@aeable to
the size of actuah. floridanusburrows (Dworschak and Ott 1993). One end of each PVC pipe
was dug into sand at the bottom of the aquarium so that the open end barely protruded from the
sand. A shrimp was placed in one burrow and the other was left empty. Thegaldstifilows
are suitable becauge floridanusand the three goby species assume natural behaviors within.
For exampleA. floridanuswill excavate sand from within the burrow aNdlonguswill remain

at the entrance guarding the shrimp.

Forty-five different goby individuals from each of the three spedetofigus C.
saepepallensandC. glaucofraenumcollected from site Normans were placed individually
midway between the paired burrows. | checked the aquaria approximatelyieseninutes
until the goby was present in one of the two burrows. | analyzed the data usih@a&st
(three gobies species with two choices each). Comparisons of each gobyg spéue null
expectation (shrimp burrow chosen 50% of the time) were conducted using a gooditess-of-

test.



Resource contribution by gobies

Quantitative field surveys were conducted using the method of Karplus (199)tyTw
gobies of each of the three specidsipngus C. saepepallenandC. glaucofraenumwere
observed at both site Normans and site Woobie. Gobies were chosen haphazardly for timed
observations. The first goby to be spotted was observed first, and the end of eagitiohser
period, the next goby to be spotted was observed unless it had been observed previously. Due t
time constraints, these observations had to be carried out during several dives.rHoweve
conducted observations in different areas (of the two sites) during differenttdiveduce the
likelihood of observing the same goby during two different dives. Before gokresoliserved, |
allowed a five-minute period during which the goby could acclimate to the presieace
SCUBA diver and resume normal behavior (Karplus 1992). Each goby was then obsetgrd for
minutes, during which | continually estimated its spatial position usingndasth spatial
reference system based on distance from the shrimp burrow opening (Fig. 1timeragoby

spent in each position (A through Y in Fig. 1.1) was recorded.

There were eleven dependent variables for each goby, i.e. time spent in dagarof e
positions (Fig. 1.1). Because of the data structure, a multivariate ®esh@&h appropriate.
However, there were two properties that made the data unsuitable for eramaétivariate
analysis of variance (MANOVA): (1) the dependent variables were nopandent as time
spent in one position detracted from time that could be spent at others, and (2) therelakana
normal due to a large number of zeros, because the gobies did not use all eleven positions during
the 10-minute observation periods. Because of these limitations, | used a permutat
MANOVA, which assumes only that observations (individual gobies) were independent

(Anderson 2001). This analysis was conducted using the “adondis” function (vegan patkage) i
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R 2.9.2. A two-way test was conducted using species and site as independent vHnades
found that site had no effect on time spent in different locations but species did. Thusa the dat
from both sites were combined, and three pairwise comparisons between thedbiee\gpre
conducted with the use of a Bonferroni probability correction (P-value of 0.017 giadshea

level of 0.05).

Partner fidelity of gobies

In situfield observations were used to estimate the time each focal goby spent at an
individual shrimp burrow before moving to another. However, a 10-minute observation period is
probably too short to observe such movements. dbngusbetween shelter€. saepepallens
andC. glaucofraenunmove regularly during 10-minute observation periods, but onlyNone
longusindividual of 40 observed switched burrows during the 10-minute period. To gain a better
estimate ofN. longusmovements, | tagged 15 individuals at site Normans in July 2009 and 15 in
July 2010, and recorded the burrow in which each individual was located daily. Individuals wer
tagged with visible elastomer tags (Northwest Marine Technologies,wigch) have a minimal
impact on growth, mortality, and susceptibility of small coral reef isbheredators (Beukers et
al. 1995, Frederick 1997, Malone et al. 1999). For the analysis, | included only individtials tha
were located on two days or more. | converted these data (time in days per buiwdime in
minutes per burrow. A one-way ANOVA and pairwise comparisons were used taetiady

data.

10



Benefit to shrimp partners

During thein situ observations described above, | also recorded the number of times a
shrimp exited the burrow while the focal goby was present at the burrow entraneachk goby
observed, | calculated the number of times shrimp emerged from a sheltert pienaithat the
focal goby spent in position A, nearest the burrow entrance (Fig. 1.1). | conduciedvayw
ANOVA with species and site as independent variables and shrimp emergencdegsetigent

variable, using R 2.9.2.

Night vs. day comparison of activity

| placed a video camera at the entranc&.dforidanusburrows to compare diurnal and
nocturnal activity levels oA. floridanusand the three goby species. Video was also used to
record the behavior of the three goby species with SCUBA divers absdoint@ajualitative
comparison of goby behavior with SCUBA divers present and absent. The video vasera
mounted on a stand and positioned approximately 40 cm frow fforidanusburrow, such that
the burrow and 20 cm area around the burrow was in the video frame. The stand was positioned
before each daytime video and then kept in the same position for the nighttime video. Thus,
nocturnal and diurnal activity at an individual burrow could be compared. For nighttime,videos
a dive light was also mounted on the same stand. Six one-hour videos were taken (three night
and three day). Daytime videos were taken between 1500 and 1700 hrs and night videos between
2200 and 2400 hrs. Night videos were initiated well after the last light of day, and thiglive
was not switched on until the video was started. The videos were taken under the deck at Le

Stocking Island (23°46'21.73” N, 76°06'25.85” W). For each video, | tallied the total time in

11



which an individual of each goby species was present in the video frame, as wehasliee

of times that ai\. floridanusindividual emerged from the burrow.

| qualitatively compared behavior of gobies with SCUBA divers present andtabse
Unfortunately, | could not do a direct quantitative comparison for two reasorts daies from
the section fesource contribution by gobies comprised of 10-minute observations of gobies,
but in videos, gobies move in and out of the frame much faster than 10 minutes. Second, videos
did not have the same spatial coverage as direct observations as SCUBAmt\aicsreot

include the positions I, X, and Y (Fig. 1.1).

1.3 Results
Resource preference of gobies

Preference for the artificial shrimp burrow (i.e., PVC pipe) versus thelmangsburrow
was very different between goby species. The ovexallt8st was significanty adjusted=
21.43, df = 2P < 0.001), revealing that there were difference among gdbidenguswas
associated with shrimp significantly more often from the 50% null expect&ianjusted=
13.13, df = 1P < 0.001),C. glaucofraenumvas associated with the shrimp less often than
expected G adjusted= 0.46, df = 1P = 0.022), andC. saepepallenwas not different from the

null expectation, indicating indifference to shrin@p &djusted= 0.463, df =1P = 0.496).
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Resource contributions by gobies

Field site had no effect on time allocation, but the three goby species allddfdeent
amounts of time to different positions in the reference grid (Fig. 1.1, 2; TdhléAinong
postions, the majority of the variation was accounted for by position A (49.5% of thgorgri
followed by X (16.5%), | (7.5%), E (6.1%), C (6.1%), and Y (5.5%; Fig. 1.2). The rest in total
accounted for 8% of the variation. Among gobleslongusaccounted for 49.5% of the
variation,C. glaucofraenun26.0% andC. saepepallen24.5%. Multiple comparisons
demonstrated statistically significant differences betwédonngusandC. saepepallenf~1 79=
31.74,P < 0.001),N. longusandC. glaucofraenunfF, sg = 50.38,P < 0.001), andC.

saepepallenandC. glaucofraenun(F; so= 3.40,P < 0.01).

Partner fidelity of gobies

The three gobies spent different durations at burrow entrafggs=(29.35,P < 0.001).
N. longusspent 2.52 41.41 days (95% CI; n = 13},. saepepallens.48 +0.98 minutes (n = 40),
andC. glaucofraenun®.26 +1.11 minutes (n = 20). Pairwise comparisons revealed\Nthat
longuswas different fronC. saepepallengFi s;= 39.27,P < 0.001) ancC. glaucofraenum
(F131=19.16,P < 0.001), butC. saepepallenandC. glaucofraenumvere not differentK; sg=

0.732,P = 0.396).
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Benefit to shrimp partners

Shrimp emerged significantly more often wiNhlonguspresent (2.26 6.41 times per
minute) tharC. saepepallen®.51 +0.40 times per minute; Table 1.2), but they never emerged
whenC. glaucofraenumvere present. Shrimp were never found emerging without a goby at the

burrow entrance.

Night vs. day comparison of activity

All three gobies were more active during the day than at night, despitéhérent bias
of artificial lighting at night. In all six video$y. longus C. saepepallensandC. glaucofraenum
individuals were present 68.50, 26.30, and 3.48% of the time at day and 1.11, 6.04, and 0.26% of
the time at night, respectivelf. floridanusemerged 123 times during the day versus zero times

at night.

The behavior of each of the three species is qualitatively similar duringyatises
using video cameras (no SCUBA diver present) and with a SCUBA diver present. In both
situationsN. longusindividuals remained at burrow entrances warning shrimp when predators
approached, and. saepepallenandC. glaucofraenundlid not remain at burrow entrances for
long periods of time, but rather roamed from burrow to burrow. Thus, observations made by

SCUBA divers in this study accurately characterized the behavior of {heses
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1.4 Discussion

All aspects of association shrimp varied among the three goby speciesglirethiens
predicted. Both preference for shrimp burrows versus other shelters (predicti@mndrighe
spent at burrow entrances (prediction two) were orddrddngus> C. saepepallens C.
glaucofraenumThe number of times shrimp emerged with each goby species present was
orderedN. longus> C. saepepallens C. glaucofraenunprediction four). Time spent at
individual burrows before switching to another was ord&teldngus>>> C. saepepallens C.
glaucofraenunfprediction three). Goby behavior was similar with and without SCUBA divers

present. Activity of all three gobies and the shrimp ceased or was reduncghdta

Resource preference by mutualists

Often, individuals of a mutualist species have several means of gairaguaae.
Resource specialization for a mutualist species would be characterie&dlbsive use of the
resource provided by the partner species. For example, plants obligatelgtpdliby animals
are more specialized than those pollinated by both animals and the wind (Stebbin8a®v0)
fig wasps and yucca moths are obligate pollinators and individual species have misuth par
specialized to their host fig or yucca plants, respectively (Pellnd/Kaenn 2002, Cook et al.
2004). Gonzalez-Teuber & Heil (2009) found that two ant species that obligately dafkhde
within plants prefer nectar with an amino acid composition most similar toftkiair host
plant. In contrast, two ant species in facultative association with plants haefe@pce.

Obligate pollinators are strongly attracted to defensive floral scempa@unds of the plants they
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visit, whereas facultative pollinators are repelled by the same compounds @& lthgen

2010).

Specialization is likely the result of a coevolved history, which is moreylitkebccur
between obligate mutualists than facultative mutualists (Thompson 1994). Some okthe m
highly cited examples of coevolution are those between pollinators and the plgrgsltimate,
for example, the orchidngraecum sesquipedal@hich has a long corolla, and its pollinator the
hawk moth Xanthopan morganii praedictavhich has an extra long proboscis as was famously

predicted by Darwin (Darwin 1862, Padian 2008).

Regarding resource preference of the three goby spBciEsiguspreferredA.
floridanusburrows,C. saepepallensad no preference, ai@l glaucofraenunpreferred shelters
not constructed bg. floridanus Interestingly C. glaucofraenunavoided shelters witA.
floridanusin the lab, but used thdiurrows at the field site Normans. At site Woobie, in which
A. floridanusburrows were the majority of shelters (see appen@ix@jlaucofraenunis absent,

but is present on a nearby reef. These findings may be explained by ormatdiiservation.

A. floridanusburrows are as much as 30 cm deep with 70 cm of horizontal extension
(Dworschak and Ott 1993). However, my field observations sugge€t tggducofraenumand
to a lesser exten@. saepepallenslo not venture deep inta floridanusburrows and may rarely
come into contact with resident shrimp. The easiest way to collect thass goto scare a
targeted goby into a burrow and dig a flat object into the sand, blocking accespda tbfethe
burrow 15 cm or deeper. Thus, a target goby that has not entered deeper thaa ikblated
from the deeper part of the burrow and easily extra@edlaucofraenunmdividuals do not

enter very far into the burrow, making them easier to exttadaepepallenmdividualsare
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more difficult to extract andtll. longuseven more difficult. At sites such as Normans, which has
many potential shelters not constructeddbyloridanus C. glaucofraenunmay useA.
floridanusburrows accidentally and never contact shri@pglaucofraenunprobably avoids

sites such as Woobie, where all potential shelters contain residiémtidanus

These findings clarify an important component of the evolution of mutualism. A
transition from commensal to facultative mutualism involves a switch fronngxel (or at least
primary) usage of a resource gained outside the mutualism to use of both regauneegs
outside and through the mutualism. Further, a transition from facultative to olsligatalism
involves a switch from use of both resource types to exclusive (or primary) afshgeresource
gained through the mutualism. It might be expected that shrimp burrows would tt#er be
protection than other shelters due to their depth (Dworschak and Ott 1993), and conseduently, al
goby species would prefer shelter-containing shrimp. The data suggest s¢heamd there are
multiple possible explanations for why this may be the case, three of whinhrsest likely.

First, observations suggest tiNatlongusmay excludeC. saepepallenandC. glaucofraenum

from burrows such that the later two cannot evolve a preference for shrimp buranwdal| et

al. 2005). Second, there may be a cost associated with using shrimp burrows. iReatdire
entrance of an individual shrimp burrow, suciNasongusdoes, may be costly because foraging
is reduced to the small area outside the burrow entrance. Lastly, shrimp atzlg b

distinguish the three gobies and aggressively exclude individuals based on spettgs ide
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The cost of partner absence and its effect on resource provisioning

Mutualism is a trading of resources, which are more beneficial to the redhment
donor. It is costly to produce a resource to be donated, but the benefit associatedewitigrac
resource will outweigh this cost for mutualism to evolve (Connor 1995). When an individual of a
mutualist species cannot form an association with an individual of the partnerssjgesuffers a
different cost, which is partner absence. For obligate mutualists, the codhef @dsence is
death or a major fitness reduction. In contrast, facultative mutualists andecsairspecies
suffer a smaller fitness reduction, which may be compensated by useroétiie resources. An
individual can reduce the likelihood of paying the cost of partner absence bygeeatisource
of higher quality or quantity. By doing so, an individual will attract more partnessye the
survival of its partner, and provide individual partners with incentive to continue theadsm

(Bull and Rice 1991, Hanley et al. 2008, Heil et al. 2009).

Roughgarden (1975) modeled the cost of partner absence, and found it likely tthaffect
guality of resources provisioned. In anemone-fish mutualism, an anemone provitlesithfes
shelter and the fish provides several resources. Each of several anemone &shhsseai
specific host anemone species. Individuals of fish species with a common hmsharanly
provide food to their host anemone. In contrast, individuals of an anemone fish species with a
rare host anemone provision food, and additionally excavate crevices for thein@wsine to
inhabit. The second fish has a greater cost of partner absence than thec&tstelibe host
anemone is more difficult to locate because of its rarity. Therefore, indigidtitie second fish
species must provide a higher quality resource (food plus crevice excavatamsure the

survival of their hosts.
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A similar result has been found in other mutualism systems. Plants thatigegebypl
pollinated by animals provide rewards of greater quality than do plants ¢Hacattatively
pollinated by animals; consequently, obligately pollinated plants receivepualiireator visits
(Hanley et al. 2008). Plants that are obligately guarded by ants offeatihguests resources
not provided by facultatively guarded plants (shelter and food bodies), and are cotigeque

inhabited by ants more often (Bronstein et al. 2006, Heil et al. 2009).

For gobies, the cost of shrimp absence is increased vulnerability to predaterthes
goby has no shelter. A means of reducing the cost of shrimp absence would be to rdmain w
shrimp for longer period$. longusindividuals remained with individual shrimp for much
longer periods than di@. saepepallensr C. glaucofraenumThis finding implies that the cost
of shrimp absence is much greaterNodongusthan the other two gobies. Not surprisingly,
longusspends the most time at burrow entrances. By remaining at a burrow entigoicg, a
allows its shrimp safe emergence and ensures the survival of the shrimp. NeirgypA.
floridanusindividualsemerged most often when paired withlongus Thus,N. longuss of
most use to the shrimp. It is possible that the shemprges more often with. longuspresent
than the other goby species simply becalislengusspends more time in position A (Fig. 1.1).
However, the behavior of the three gobies may have an additional effect on shrirgpreraee
The shrimpmay be able to discriminate between the three goby species using ¢hehyis&al,
or behavioral cues. For example, in the Red Sea, where there is a much larger grotyalist
gobiid fishes and alpheid shrimps, several but not all shrimp species willsasswdy with a
single preferred goby species (Karplus 1981, Karplus et al. 1981). It is pdbsaiiNe longus

andA. floridanushave such a partner-specific association.
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These findings lend support to the supposition that obligate mutualists must provide
higher quality or quantity resources than facultative mutualists or comnspesats. Findings
here, and on other mutualistic systems, indicate an important component of theeapjuti
transition from commensal to facultative to obligate mutualism. As a spec@s®®cC
increasingly dependent on its mutualist partner species, it must providegotigr or quantity
resources to reduce the likelihood of costly partner absence. Consequently, dependsnt spec
incur an increasing cost associated with resource provision. If a spenxsalde to evolve
means for coping with this cost, then it may be constrained to a less deperdeiattias than

those species that can overcome this cost (Bronstein 2001).
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Table1.1 Two-way permutation MANOVA with the dependent variable time spent in each the
11 different positions of the reference grid (Fig. 1.1). Data includes allgbtsespecies at both
field sites.

Source df SS MS F P-value

Species 2 812 4.06022.29 <0.001
Site 1  0.0950.095 0.526 0.728
Species*Site 1 0.187 0.187 1.027 0.360
Residuals 95 17.30 0.182

Total 99 25.70
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Table 1.2 Results of a two-way ANOVA with species and location as independent variatlles a
shrimp emergence times from a burrow with the focal goby in position A as thedéepe
variable.

Source df SS MS F P-value
Species 2 0.019 0.009 24.270.001
Location 1 0.00010.0001 0.251 0.618

Species*location 1  0.0001 0.0001 0.167 0.684
Residuals 740.029 0.0004
Total 78 0.049
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Figure 1.1 Positions used to quantify goby location and burrow use. On the left is a typical cone
shapedA. floridanusburrow (positions A through Y). Position A is the area into which
floridanusemerges from the burrow. On the right is represented any of various shelters
alternative toA. floridanusburrows (shells, coral rubble, etc). For both shrimp burrows and
alternative shelters, the center (black) is the entrance to the sheltax/bieor the inner ring

(positions A through D and X) are within 10 cm of the entrance. Positions E through H and Y are
between 10 and 30 cm of the entrance. Position | is beyond 30 cm of any entrance. Modified
from Karplus (1992).
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A. floridanus burrow Alternative shelters
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Figure 1.2 Mean time £ 95% CI) gobies spent in each position. RotongusandC.
saepepallengdata are from both field sites. Note the break on the Y axis between 250 and 450
seconds. Only positions that had major contributions to the total variation are shown.
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Chapter 2. The benefit of mutualism to obligate and facultative mutualistsin a shrimp-

goby association

Abstract. Mutualist species benefit from resources provided by their partner specigat©bli
mutualists are predicted to incur a greater benefit from these resthandacultative

mutualists. Individual poor-sighted shrimdlgheus floridanusconstruct burrows that are
shared with individual gobiid fishes that warn shrimp when emergence from burronsaie.

The benefit to gobies is shelter from predation. | compared predator avoidangeoébttiligate
(Nes longupsand facultativeCtenogobius saepepallerghrimp-associated gobies with access to
a shell, a shrimp burrow, or no shelter. Predator avoidance effectiveness was\raiokgus

(no shelter) =C. saepepallengo shelter) €. longus(shell) =C. saepepallengshell) =C.
saepepallengshrimp burrow) N. longus(shrimp burrow). Thud\. longusbenefits more from
mutualism with shrimp tha@. saepepallendN. longushas four behaviors related to predator
avoidance when shrimp burrows are presentN(1pngusalways dives into the nearest shrimp
burrow when confronted with predators. [2)longushas a longer flight initiation distance than
C. saepepalleng3) After taking refugeN. longusre-emerges from burrows after a longer time
thanC. saepepalleng4) N. longusremains closer to shelter th@n saepepalleng he latter

three behaviors are likely detrimental for foraging as they limigfagarange and detract from
time spent outside shrimp burrows foraging. Thus, it is likely that the two gobesaei

equally dependent on shelter, iutsaepepallensiay have foraging requirements that constrain

it to a less beneficial association wahfloridanusthanN. longus
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2.1 Introduction

Mutualism is an interspecific interaction in which both species obtain a nettbenefi
(Boucher et al. 1982). The benefit of receiving a resource from a partnezighsvihe cost of
provisioning the partner with a resource, sometimes because the resourcemedvisay be a
by-product and of little value to the producer (Connor 1995). Mutualist species vary in the
degree to which they rely on the resources provided by their partner speciesteObiigealists
are strongly reliant on these resources and cannot exist without theerpgBoucher et al.
1982). In contrast, facultative mutualists are not reliant, because they oftgaicdinese
resources through means other than their partners. For example, many &@isliasvialy clean
larger fishes, but can also persist on a diet of non-parasitic inverte(@até<2000, White et al.
2007). | report an experimental study of the protective mutualism betwegrhardahrimp
and two gobiid fishes (Karplus 1987, Karplus & Thompson 2011). The shrimp constructs a
burrow in sand that it co-habits with an individual goby. Both use the burrow as redage fr
predators. Gobies without access to shrimp burrows are quickly eaten when pragafoesent
(Thompson 2005). Shrimp have poor vision and are vulnerable to predators when outside their
burrows foraging or excavating their burrow entrances (Thompson 2003). Gobies have good
vision and shrimp use two behaviors of gobies as indication of approaching predatonstThe fi
a fluttering of the caudal fin on the antennae of the shrimp. The second is a hedidefiby the
goby into the burrow (Preston 1978). Shrimp without gobies rarely leave their bamdws

suffer a growth decrement (Thompson 2003).

Over 120 gobiid species in 12 genera, and 20 alpheid species all in the\phaus
participate in this mutualism (Karplus & Thompson 2011). Most of these gobies follow the
behaviors described above and are considered obligate mutualists (Karplus & Thompson 2011)
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Obligate mutualist gobies comprise two clades in the Pacific and onesspettie Atlantic Nes
longug. These two clades amdl longusare polyphyletic and arseparately nested within non-
shrimp-associated gobies (Ruber et al. 2003, Thacker et al. 2011). Only fourlgntadseen
described as facultative mutualists with shrimp, and they rarely providadideal fin flutter

warning: one species in Japan (Yanagisawa 1978, 1984) and three in the Westamafiant
Caribbean (Wayman 1973, Weiler 1976, Karplus 1992, Randall et al. 2005, Kramer et al. 2009,

Chapter 1).

| previously compared the behaviors of the obligate mutualist §dgngus to one of
the Atlantic facultative mutualist gobiegStenogobius saepepallerBoth associate with the
shrimpAlpheus floridanusThese gobies are not sister species to each other or any other shrimp-
associated gobies (Riber et al. 2003, Thacker 2803)ngushas stronger preference far
floridanusburrows versus other shelters, spends more time communicating.vlidhidanus
and remains with individua. floridanuspartners for much longer periods tHansaepepallens

(Chapter 1).

Here, | comparedll. longusandC. saepepallentor the benefit of mutualism. For
shrimp-associated gobies, the benefit of mutualism is increased predatianaeoivhile
inhabiting shrimp burrows rather than other shelters. | predicted the benefituzlismtto be
greater folN. longusthanC. saepepallend examined predator avoidance by gobigh access
to a shrimp burrow, a shell, or no shelter. In addition, | quantified behaviors reapnedator

avoidance.
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2.2 Methods

Study sites

All the experiments and observations were carried out at the Perry Infsititarine
Sciences, Lee Stocking Island, Exuma, Bahamas during the summers of 2009-26d twbus
field sites: “Normans” (23°45'35.64"N, 76° 7'59.64"W), which was composed of bare sand wit
coral rubble and various seagrass species and “Woobie” (23°49'4.55"N, 76°11'17 vBISN),
was entirely bare sand with shrimp burrows offering the only shelter. A quiaetidaiscription
of these two sites is provided in Chapter 1. Individuals used in laboratory egptriwere

collected at the Normans site.

Avoidance of live predators

| conducted staged interactions between an individual predatorNwndragusor C.
saepepallensdividual with access to one of three shelter types: an artificial shrinnpviourith
a resident shrimp, a conch shell, or no shelter. Trials were conducted in 1964 &jlé X
30.5 X 48.5 cm) based on Abrahams and Kattenfeld (1997) and Mirza and Chivers (2000). The
bottom of each aquarium was covered with sand 10 cm deep. Artificial shrimp bureogvs
made of PVC tubing 20 cm long with a 2.5-cm inner diameter. These PVC tubes wdile suita
surrogates for naturd. floridanusburrows for four reasons: (1) they were similar in diameter
and orientation to naturd. floridanusburrows (Dworschak & Ott 1993); (3). floridanus

readily entered tubes and excavated sand from within them; (3NbaihgusandC.
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saepepallenseadily entered tubes ai longusguarded resident shrimp within; and (4) once a

goby entered a PVC tube, it was isolated from predators as with mattlealdanusburrows.

Cephalopholis fulvdconey grouper) was used as the live pred&tofulvais a common
generalist piscivore on Western Atlantic reefs. Grouper total lenggedafrom 12 to 22 cm,
and had no effect on trial outcome (successful or unsuccessful capture of the gisbyg; lo
regressionX®= 0.88, df = 1P = 0.35). Groupers were housed individually in aquaria and
allowed to acclimate for five days. During each day that trials w@nducted, each grouper was

used for only six trials to prevent satiation. Groupers always targeted ghbiag trials.

A 10-minute acclimation period preceded each trial, during which the goly foadithe
shelter (if present) and was separated from the grouper by a clear dividgrotiper typically
moved to the half of the aquarium with the goby as soon as the divider was removed. However,
several did not. Thus, the 15-minute trial period started when the grouper swam nudveay a
the aquarium to the half with the goby. In each trial, | recorded the timehenibby was
captured. If the trial lasted the entire 15 minutes, | removed the goby ande@the outcome

as no capture.

Individual gobies were used only once for each trial. Forty trials veréucted
(2*3*40=240 total trials) for each goby specids [ongusandC. saepepallensand each shelter
type (shrimp burrow, conch shell, or no shelter). Each grouper was used for @ah dfial
combination, i.e. twd\. longugshrimp-burrow trials, twd\. longugconch-shell trials, etc.
Thus, each grouper was used for the same 12 trial combinations. For each groupeey thie o

trials was randomized to control for learning.
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Much of the time-until-capture data were right-censored, i.e. there wesetnads in
which the goby was never captured. Thus, time-until-capture data weyeezhaking the
subroutine “survdiff” (R 2.14.1, “survival” package), which compares survival curves tiiging
log-rank Mantel-Haenszel test and accounts for right-censored data (Mantel a8@tgtdn &
Fleming 1982). | compared all possible goby species-shelter combinatingghesappropriate

Bonferroni correction (15 tests, df =92 = 0.003 for 95% error rate).

Avoidance of a model predator

| staged interactions between a model predator (11-cm rubber fishing lure) and
individuals of both goby species with access to an artificial shrimp burrow shelter. In a
190-I aquarium, | constructed a system of pulleys to move the model predator across the

aguarium lengthwise using the force of a dropped 3-lb dive weight.

Very constant model-predator velocities were achieved during triaés r@5%
confidence = 192.8 5.5 cm/sec for no-shelter trials and 16%.4 cm/sec for shrimp-burrow
trials. The model predator was likely slower for shrimp-burrow thalsause these trials were
completed last and corrosion of the pulleys likely slowed the model. Becauadlst-pnedator

speed was different for the two trial types, between-treatment cmopsiivere not made.

Gobies were tested individually in both no-shelter and shrimp-burrow trials. Foneac
shelter trial, a goby was herded into the path of the model predator using anraaquer For
each shrimp-burrow trial, the burrow was placed in the path of the model preda&goldhwas
allowed to enter the burrow and once it re-emerged, the trial was statisdl 8f 25 no-shelter
and 10 shrimp-burrow trials were run for each goby species.
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For no-shelter trials, the mean velocity of the model-predator was 5.886 ffaC.
saepepallenghatN. longustrials (mean 495% confidence: 198.2 #0.1 cm/sec versus 187.2 +
2.89 cm/sec, respectively). While this difference was slight, it waststally significant (one-
way ANOVA: F; 47=4.04,P = 0.05). There were fiv€. saepepallensials in which the model
speed was greater than one standard deviation above the grand mean (model spksedithf t
both species). Nbl. longudtrials were greater than one standard deviation above the grant mean.
| separately ran each of the analyses below excluding thege.fsaepepallensials and found
no difference in outcome. Thus, the results of analyses on goby flight perfermare valid,
despite slight differences in model-predator speed. There was no differenodel-predator
speed duringhrimp-burrow trials oN. longusandC. saepepallen®ne-way ANOVA:F; 15 =

0.052,P = 0.821).

The reactions of gobies to the model predator were recorded from above usiing a Cas
Elixim FH100 camera filming at 120 frames per second. Stills from thdsewiwere examined
using the image software GIMP (version 2.6.8) to calculate distances aodiesl Standards
were used to calibrate the pixel-to-cm ratio. There were two independiities: goby species
and prior orientation (Fig. 2.1). | recorded four dependent variables for no-shelse(i)ase
of a “C-type fast-start,” where a fish bends initially into a C-shayledarts away in response to
a stimulus (Domenici & Blake 1997), (2) top and (3) average speed during(Bimth in cm/sec
and body lengths/sec), and (4) flight initiation distance (FID), which is thendestfrom a
predator at which a prey reacts and begins flight (Ydenberg & Dill 1986y.d?rentation did
not statistically affect any of these dependent variables, and had no ioteveétih goby species.
Thus, the results only report the effect of goby species. For shrimp-buratsy EiD was the

only dependent variable and goby species the only independent variable.
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In situ flight initiation distance, flight direction, re-emergence time, and distancbettes

| conducted a set @ situtrials in the field in which | rapidly approached a focal goby
and estimated FID, flight direction (retreat to the nearest burrow or adistaat one), and time
until re-emergence from a burrow. | acted as a “predator” by rapidiyrsvig toward a focal
goby from a distance of at least 3 m. Care was made not to observe any indivigualogeb
than once. A total of 20 and 28 longusand 29 and 3C. saepepallenwere observed at the
Normans and Woobie sites, respectively. | used a two-way ANOVA to anhlyzaéfect of the
independent variables site and goby species on the dependent variables FID agrgjeeam
time. To determine whether goby species affected the dependent varggdtldifection, | first
separately compared the two sites for each goby species using2u@t2sts of independence.
Site had no effect for either goby species. Thus, | combined the data for bothditesmpared

the two goby species using a2G-test of independence.

| also conducteth situtime budget observations of 20 gobies of each species at the
Normans and Woobie sites following Karplus (1992). A complete description of the
methodology and basic field data is in Chapter 1. During 10-min observation periecsded
the time a focal goby spent < 10 cm, 10 - 30 cm, and > 30 cm from any sAefteridanus
burrow, coral rubble, shell, etc.). There were three dependent variables correspmtidieg
spent in each of the three distance bins. Because time spent in one bin detractedeisperit
in other bins, the dependent variables were not completely independent. Thus, thealata we
analyzed with a two-way permutation MANOVA using site and species gsendent variables

and time in each bin as the multivariate dependent variable (vegan package, R 2.14.1
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2.3 Results
Avoidance of live predators

Across all shelter types (no shelter, conch shell, shrimp burkdigdngushad a greater
survival time during staged predator interactions tharCdishepepallengnean +95%
confidence: 497.2 ¥7.7 seconds versus 354.74.5 seconds, respectively; df Xt,=7.2,P=
0.0074). There were significant differences among individuals of both goby species/ioals
time among the three shelter types: no shelter (126&06-seconds), conch shell (474.93:0
seconds), and shrimp burrow (668.6 + 85.0 secatfds2, X* = 86.4,P < 0.001).N. longusand
C. saepepallenbad similar survival times during no-shelter and conch-shell trial$y.dohgus

had longer survival times th&h saepepallenduring shrimp-burrow trial§Fig. 2.2).

Avoidance of a model predator

The two gobies had similar reactions to the model predator in no-shelteNriebngus
andC. saepepallenssed C-type fast-starts in 17 and 16 of 25 trials, respectively. The two
gobies had similar top speed (mea@5f0 confidenceN. longus= 39.0 +4.09 body-lengths/sec
andC. saepepallens 44.1 +3.64 body-lengths/sec; Table 2.1) and average speddngus=
33.8 +3.16 body-lengths/sec ad saepepallens 37.8 +3.01 body-lengths/sec; Table 2.1).
The two gobies had similar FIDBI(longus= 7.15 +1.58 cm andC. saepepallens 7.31 +1.81

cm; Table 2.1).
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N. longushad a longer FID tha@. saepepallens shrimp-burrow trials (26.3 6.23 cm
versus 18.2 4.45 cm, respectivelly; 15 = 4.30,P = 0.053). AdditionallyN. longushad a longer

FID thanC. saepepallens in si{gee below).

In situ flight initiation distance, flight direction, re-emergence time, and distancidtier

N. longushad a longein situmean FID tharC. saepepallenflable 2.2, Fig. 2.3)N.

longushad a longer mean FID at Woobie than Normans (Table 2.2, Fig. 2.3).

N. longushad a longer re-emergence time after taking refuge in a burrovCthan
saepepallengéTable 2.2, Fig. 2.3). Site had no statistical effect on re-emergenceé\tinoeigus
always darted into the nearest burrow (48 out of 48 trials), in contr@sistepepalleng&6/58
trials; df = 1,G,qg; = 10.77,P < 0.005). Site had no effect on flight directiorNnlongus(df = 1,
Gadgj = 0,P = 1.0) orC. saepepallen@if = 1,G,qj = 0.978,P = 0.322) N. longusindividuals
remained closer to shelter entrances tBasaepepallend-ig. 2.4; Table 2.3). Similar results
were reported by Kramer et al. (2009). Site had no effect on distance-&r-$telbnguswere
within 10 cm of a shelter entrance 87% of the time@nslaepepallen85% of the time (Fig.

2.4). Neither goby was beyond 10 cm from shelter entrances very often (Fig. 2.4).

2.4 Discussion

The benefit of mutualism

Obligate mutualists should, by definition, benefit more from mutualism thartdticel

mutualists. For example, in associations between many plants and ants, thenbh psopides
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shelter and nectar and ants provide protection from herbivores (Heil & McKey 2008). &¥ts
are excluded, obligate ant-associdWatarangatrees incur more leaf loss than facultative ant-
associates (Fiala et al. 1994, Heil et al. 2001). A meta-analysis of 81 sitidrésplant systems
indicated the same difference between obligate and facultative mtBRlistumek et al. 2009).
In another mutualism, aphids provide ants with honey dew and ants protect aphids from
predators (Stadler et al. 2001, Stadler & Dixon 2005). Obligate ant-associated aghrds suf

fecundity loss when ants are excluded, but facultative associates do not ($tald20@?2).

Given that obligate mutualists benefit more from mutualism than facultatitealists, it
is not surprising that many obligate mutualists have traits that reducetiabdity of partner
absence. Obligate mutualists often offer greater quality and quantitgdiethan facultative
mutualists. Better rewards increase the likelihood of establishmentooiagsn with mutualist
partners. For example, obligately-pollinated plants offer pollen with aggnestein content and
are visited by pollinators more frequently than facultatively-pollinatadtpl(Hanley et al.
2008). Ant-associatedicaciasthat provide more nectar, often host more ants and are more

effectively protected from herbivores thAnaciasthat provide less nectar (Heil et al. 2009).

The two gobies in this study seem equally dependent on shelter, i.e. they avorded a li
predator poorly when no shelter was present. This result is corroborated hghtheéchanics
of the two gobies, which were similar when no shelter was present. The two gsbiesoided
a live predator with equal effectiveness when a conch shell was present. Howéorgus
more effectively avoided predators when a shrimp burrow was presentithaaconch shell. In
contrastC. saepepallenavoided predators no more effectively when a shrimp burrow was

present than with a conch shell.
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Traits affecting the benefit of mutualism

The advantage dd. longusoverC. saepepallens avoidance of predators while using
shrimp burrowss likely related to the four behaviors quantified: FID, flight direction, re-
emergence time, and distance-to-shelter. For each of these behldviorggjusresponded to the

predator more effectively thad. saepepallens

Flight direction is probably related to spatial map usage (Markel 1994, Dod@®€04a|
Braithwaite 2006, Burt de Perera & Guilford 2008).longusalways retreated to the nearest
burrow, butC. saepepallendid not, which indicates th&t. longusis better equipped in spatial-

map usage, and therefore has an advantage in predator avoidance.

For the other three behaviols, longusalso responded to the predator more effectively.
But in the behaviors, there is likely a tradeoff between predator avoidance andgoliag
unlikely that gobies often forage inside shrimp burrows. Two lines of evidence stipport
supposition. First, the abundance of meiofaunaNh#&ngusandC. saepepallensonsume, such
as copepods (Randall et al. 2005), decreases with depth in the sediment (De akd2b0s).
Second, both species spend very little time inside the burrow during the day (®&%n +
confidenceN. longus= 2.6 +2.3 % total time an@. saepepallens 6.8 +3.5 % total time;
Chapter 1). If there were an abundant supply of food within burrows, gobies would not be

expected to spend so much time outside of burrows when there is a high predation risk.

The decision to flee depends on the benefit of fleeing (predator avoidance) and costs of
fleeing (ex. lost foraging opportunities; Ydenberg & Dill 1986). The longBrd¥IN. longusat
burrow entrances may be better suited for predator avoidance, but the shorteCEID of
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saepepallenmay be better suited for food acquisition. Re-emergence time is also likely
influenced by a tradeoff between predation risk and foraging requirememtsO&, Krause et
al. 1998). The longer a prey remains in shelter after having retreated fooedator, the greater
likelihood that the predator has gone away. However, time spent hiding in sheltetsdebra
time spent outside of the shelter foraging. Thus, the longer re-emergence Nmergjusmay

be better suited for predator avoidance and shorter re-emergence Gmsaepepallenketter
suited for foraging. Distance-to-shelter is also likely influenced bgghien risk and foraging
requirements. By constantly remaining close to shelter, a prey redudasigmeisk, but may
also reduce its foraging opportunities (Dill 1990). | have foundNh&inguss a visual sit-and-
wait predator an€. saepepallens a roaming winnower (Chapter 3). Thus, foraging mode of

the two species is related to distance-to-shelter.

Summary

These results add to the body of evidence that mutualism is more beneficialgateobl
mutualists than facultative mutualists and that obligate mutualists hagenthéch help them
derive greater benefit (in this case, avoiding predators). However rdsses also suggest that
such traits that help obligate mutualists derive greater benefit may irapose on other
requirements (in this case foraging). This cost may constrain a mugyegddes to a less
beneficial association with a mutualist partner. Further clarificatidgheoforaging mode, diet,
and energetic requirements of the two goby species will provide further evitiahbdaraging

requirements may constrain effective use of shrimp burrows for predatdaatei
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Table2.1 Results of multiple one-way ANOVAs on different variables related to gedogtion
to a model predator. The first five ANOVAs are for no-shelter trials.|d$teANOVA is for
shrimp-burrow trials. For each ANOVA, the independent variable is goby sgBci®ngusor
C. saepepallens

Flight Initiation Distance with No Shelter

Source df SS MS F P-value
Species 1 0.28 0.28 0.015 0.904
Residuals 47 900.52  19.16

Total 48  900.8

Average Speed (cm/sec)

Source df SS MS F P-value
Species 1 164 164 0.236 0.63
Residuals 46 31905 694

Total 47 32069

Average Speed (body lengths/sec)

Source df SS MS F P-value
Species 1 139.64 193.64 3.058 0.087
Residuals 46  2913.11 63.33

Total 47  3052.75

Top Speed (cm/sec)

Source df SS MS F P-value
Species 1 562 562 0.568 0.455
Residuals 45 44546 990

Total 46 45108

Top Speed (body lengths/sec)

Source df  SS MS F P-value
Species 1 318.8 318.8 3.182 0.081
Residuals 45 4508.5 100.2
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Total 46  4827.3

Flight Initiation Distance at Burrow Entrance

Source df  SS MS F P-value
Species 1 328.3 328.3 4302 0.053
Residuals 18 1373.53 76.31

Total 19 1701.83
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Table2.2 Results fromn situobservations of gobies on two
(duration spent in a burrow after being frightened) and fligh

variables: re-emergence time
t initiatioraultst (distance from a

SCUBA diver when a focal goby began its retreat). Presented heweoaned-way ANOVAsS

with the sites and goby species as independent variables.

Re-emergence time

Source df SS MS F P-value
site 1 4211 4211 0.237 0.627
species 1 39882 39882 22.45 <0.001
site*species 1 1601 1601 0.09 0.765
residuals 101 1794543 17768

total 104 1840237

Flight initiation distance

Source df SS MS F P-value
site 1 2493 2493 4.338 0.039
species 1 36023 36023 62.69 <0.001
site*species 1 1310 1310 2.28 0.1342
residuals 101 58038

total 104 97864
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Table2.3 Results of two-way permutation MANOVA with species and site as independent
variables. The dependent variables are time spent in different distamoeshiztier (three bins
total, < 10, 10-30, and >30 cm from shelter).

Source df SS MS F modd P-value
Species 1 0.8260.826 18.948 0.001
Site 1 0.010 0.010 0.225 0.824

Species*Site 1  0.047 0.047 1.073 0.308
Residuals 76 3.313 0.044
Total 79 4.195
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Figure 2.1 Orientation of a focal goby in relation to the model predator that moves fybtrioi
left. Letters refer to the direction the goby was facing, i.e. “A” towlaednodel predator, “B”
sideways to the predator, and “C” away from the model predator.
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Figure2.2 Mean survival time for the two goby species using three different shgits
during staged interactions with a live predator in 190-1 aquaria. Error bars areo@&éece
intervals. Letters above bars indicate differences using survivalseéaligh the appropriate
Bonferonni correction (see text).
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Figure 2.3 Left axis: flight initiation distance for the two goby species and tves sRight axis:
emergence time (after being frightened into a burrow) for the two golsiesp&mergence time
data are combined from both sites because site was found to have no effect on emergence t
(Table 2.2). Error bars are 95% confidence intervals.
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Figure 2.4 Average time spent at different distar-to-shelter. Data are compiled from b
sites at which obseations were conducted as it was found that siterfeeeffect on distan-to-
shelter. Error bars are 95% confidence inter
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Chapter 3. Foraging requirements asa constraint on a shrimp-goby mutualism

Abstract A mutualism occurs between alpheid shrimp and gobiid fishes in which poor-sighted
shrimp share their burrows with individual goby partners. Gobies act as sefairsiiamp. In

the Western Atlantic, an obligate shrimp-associated gbg (ongusand a facultative shrimp-
associated gobyCtenogobius saepepallénsoth associate with the shrimplpheus floridanus
Mutualism probably imposes a foraging cost to gobies, because gobies commuiticakgimp
via physical contact and must, therefore, remain at burrow entrances. Howdyét. longus
maintains constant a position at burrow entrances. In the vicinity of Lee Stdsland,

Bahamas, sediment infauna were less abundantflridanusburrow entrances than elsewhere,
indication of a potential foraging cost fidr longus However, when placed on a restricted diet,
N. longudlost less mass and had lower mortality tRarsaepepallend hus,N. longuss better
equipped for coping with its restricted feeding conditions thasaepepallensThis difference is
likely due to differences in activity level and foraging stidelonguss an inactive sit-and-wait
predator af. floridanusburrow entrances ar@. saepepallens an active winnower that
forages over broad areas. Thus, differences in how the two goby speciesasgttia
floridanusmay be related to differences in energetic requirements and foragmglifie active
winnowing strategy o€. saepepallensiay constrain it to a casual and facultative association

with A. floridanus
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3.1 Introduction

Mutualism is an interspecific interaction in which both species receivebenetit.
Receiving a resource from a partner species is beneficial, but providisguaae to a partner
species is often costly (Bronstein 2001). For example, figs and yuccas benefitollination
by fig-wasps and yucca-moths, respectively, but female pollinators in bothataseviposit
eggs into the flowers of their hosts. Upon hatching, pollinator offspring consume a iproport

the seeds, the loss of which is a direct cost to the host plant (Bronstein 2001).

Mutualist species vary in their interdependency. Obligate mutualigtened resource
provided by their mutualist partner so much that they cannot survive without it (Baiaier
1982). In contrast, facultative mutualists benefit from a resource provided byntiteialist
partner, but can survive without it because they either can gain that resource thineugheains

or do not need that resource for survival (Boucher et al. 1982).

If the mechanisms by which a species copes with the cost of mutualismi(erogsa
resource) are ineffective or non-existent, than a loosely-associatttatise relationship may
be more likely to develop than a tightly-associated obligate relationshipik€hledod for
evolution of obligate mutualism might be enhanced if the interactions between twesdpae
pre-adaptations that reduce cost (Pellmyr et al. 1996). Alternativeljpamiems for coping with
cost of mutualism could be gained through coevolution (Thompson 1994). Here, | compare the
effectiveness by which two species (one facultative and one obligate ntyigis with the

cost of mutualism.

A mutualism occurs between gobiiid fishes and alpheid shrimp in which a shrimp

individual maintains a burrow that it shares with an individual goby (Karplus 1987, Karplus &
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Thompson 2011). Both the shrimp and goby use these burrows for avoiding predators. Thus, the
benefit to the goby is shelter from predators, and gobies without shrimp parenquscity

eaten when predators are present (Thompson 2005). These shrimp have poor vision and are
prone to predation while foraging outside the burrow or maintaining the burrow entéaces

remain at burrow entrances, and shrimp use two behaviors of gobies that emergeseaéei

(Preston 1978). The first is a fluttering of the caudal fin on the antennae of the simdntipe a

second, a headfirst retreat into the burrow. Shrimp without gobies rarely emuengeaéir

burrows and suffer a growth decrement (Thompson 2003).

Over 120 goby species and 20 alpheid shrimp species participate in this mutualism. The
vast majority of these gobies have been considered obligate mutualists and usar oty w
behaviors described above (Karplus 1987, Karplus & Thompson 2011). Only four goby species
have been described as facultative mutualists, one in Japan (Yanagisawa 1978, 1984 and thre
in the Western Atlantic (Wayman 1973, Weiler 1976, Karplus 1992, Randall et al. 2005, Kramer
et al. 2009a). Facultative shrimp-associates use burrows for predatomaegidiat as obligate
shrimp-associates do, but rarely or never use the caudal fin-fluttering &ngtiee Western
Atlantic, the three facultative gobies, includi@tenogobius saepepallerend one obligate
goby,Nes longusall associate with a single shrinfdpheus floridanusC. saepepallenandN.
longusare not sister species to each other or to any shrimp-associated gabesgiRal. 2003,
Thacker 2003). Previously, | found that saepepallenspends less time at burrow entrances
signaling shrimp, has weaker preference for shrimp burrows versus othersslaelteforms
shorter duration associations with shrimp (5.48 minute€ falaepepallengersus 2.52 days for

N. longus Chapter 1).
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Gobies generally feed on mobile infauna such as small crustabeamsgusvisually
locate emerging infauna as sit-and-wait predators and dart short dsstemee attacking prey.
In contrastC. saepepallenteeds over broader areas tinongusby winnowing, i.e. engulfing
sand and trapping food items on the gill rakers (Langeland & Ngst 1995, McCormick 1998).
Because communication with shrimp is through physical contact (Preston 1978)gateobli
mutualism involving caudal fin fluttering may require that goby foraging taMg place at the
burrow entrance. This may be costly to foraging and thus, one principal cost ofismutizeihe
goby may be foraging efficiency. This cost may cause depletion of local food aberata
burrow entrances, and place an upper limit on the energetic demands that casfibe lsqti
foraging while maintaining communication with shrimp. It is likely tNatongushas lesser
energetic demands th&n saepepallenghus allowing maintenance of associations With

floridanus

| pose four hypotheses related to the relative confinement of gobies neqr kariow

entrances, the relative costs involved, and the mechanisms compensating foostsose ¢

(1) Reduced benthic infaunal abundance near shrimp burrow entrafbesabundance of small
infaunal invertebrates, such as copepods, will be less at burrow entrancdsahéier® due to
the heightened foraging effort B longusand to a lesser exte@t saepepallensat burrow

entrances.

(2) Resistance to starvatiolVhen placed on a restricted didt,longuswill lose less mass and

have lower mortality tha@. saepepallens
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(3) Energetic cost of movemenhile in small containers, similar in size to the entrances of
shrimp burrowsN. longuswill expend less energy by adjusting its position less often@han

saepepallens

(4) Diet specializationThe two species will consume similar infaunal prey items but in different
proportions. Becausg. saepepallenfeeds by winnowing, its dietill match local abundance of

infaunal invertebrates more closely than will the digtlofongus

3.2 Methods

Study sites

All experiments and sample collections took place at the Perry Insotutéarine
Sciences, Lee Stocking Island, Exuma, Bahamas during the 2011 summer. laiBeldi tsites:
Normans (23°45'35.64"N, 76° 7'59.64"W), which is composed of bare sand with coral rubble
and various seagrasses and Woobie (23°49'4.55"N, 76°11'17.43"W), which is entirely bare sand
with shrimp burrows offering the only shelter. At the more complex site Nornvemsither
goby species are abunda@bryphopterus glaucofraenuamdGnatholepis thompsonit site
Woobie, the gob¥xyurichthys stigmalophius also present but rare. A quantitative description

of these two sites is in the first chapter.

Depletion of sediment infauna at burrow entrances
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| collected sediment samples at and away fPorfloridanusburrow entrances, and
guantified abundance of all invertebrates present. | collected sedimentrcarpaired fashion:
one 5 cm in front of a burrow entrance, and one 50 cm from that burrow entrance (andbét least
cm from any other burrow), referred to as “open benthos'NAlongusndividual was present
at each burrow entrance sampled and its size was estimated. | collectes 40 pamples from

site Normans and 44 pairs from site Woobie (168 samples total).

Sediment cores were collected using a 60-ml syringe barrel. Circués measured 2.7
cm in diameter and were taken to a depth of 2.5 cm below the sediment-waterenteafaples
were stained and preserved in a solution of Rose Bengal and 5% formalin for 3 dgylesSa
were then rinsed on a 30m plastic screen and stored in 70% ethanol. | removed all of the
invertebrates from the samples using a dissecting scope and then tallieebirates using a
compound microscope. | placed invertebrates into four taxon groups. (1) “Copepods,” included
mostly harpacticoid copepods of the families Ameiridae, Cletodidae, and Heigzsstbut
several other harpacticoid families and few cyclopoids. Copepods were dstied iy the
presence of long left/right oriented first antennae and long caudal rarff@tf@y crustaceans”
included the classes Cephalocarida and Ostracoda and orders Cumacea, Taaaidacea
Gammaridea (Amphipoda). Identification of Cephalocarida was based dnaf es and long
abdomen devoid of appendages save two long caudal rami, Ostracoda based on their valves,
Cumacea based on their large carapace and relatively thin abdomen segmeidizcdanad
Gammaridea are somewhat similar but the former has a carapace, 5 pkegads3, and is
typically more elongate. (3) “Molluscs” included the orders Bivalvia anstrGpoda. (4)

“Nematodes.”
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| additionally found both free-living and tube-forming groups of polychaetes and free
living oligochaetes. However, these groups were nearly absent from theveigestts of both
species (see below). The cause of their absence from digestive @gdiawve been rapid decay
of their soft tissues and/or because they were not eaten by gobies. Thus, | exuhatidd &om
analyses of sediment infauna, because | could not determine whether gobies cbrsume
Several other groups were either in very low abundance in the infauna and/or absenbffom g
digestive tract contents, so | thus excluded Foraminifera, Ophiuroideae(btdtts), Sipuncula,

and Amphioxiformes (lancelets).

For multivariate analyses of these data, | uagdn abundancef each of the four
invertebrate taxa as the dependent variables and three independent vaitaljdesrmans or
Woobie),location (burrow entrance or open benthos), gobtly sizgestimated size of the goby
at the burrow entrance: > 4 cm or <4 cm). Because core samples weredallecpaired
fashion, the independent varialbeationwas in a paired structure. The variagptby sizeonly
applied to samples collected at burrow entrances because open benthos sedamelid oot

have an associatédl longusindividual.

Because of the structure of the three independent variables, | used tlememd#halyses
to test for their effect otaxon abundancevhich did not conform to multivariate normality
(Shapiro-Wilks test). First, to examine the effect of the independent \esitdbn the
multivariate dependent varialti@xon abundancd used a permutation one-way MANOVA
(Anderson 2001) with the “adonis” subroutine in R (“vegan” package). This testdlloate¢he
two sites were differenH(= 57.9, df = 1P < 0.001). Thus, | used two Hotelling’s T2
(multivariate analogue of the t-test) to analyze the effect of the indepevariabléocationon

taxon abundancat each site separately (“HotellingsT2” subroutine in R, “ICSNREkage).
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Because the data was not normally distributed, the test statistic was baselisquare
approximation, rather than a F-distribution. Third, | used a one-way permutation MAN©DV

analyze the effect of the independent variglky sizeontaxon abundance

In addition, | examined the effect of the three independent variables on totéelmate
abundance (all four prey taxa summiadal infaung. | used a square-root transformation to
normalize the data. First, | used a one-way ANOVA wuatial infaunaas the dependent variable
andsiteas the independent variable. Second, | used two paired t-tests (one for each sise, beca
the two sites were found to be differelrt= 58.5, df = 1P < 0.001) withtotal infaunaas the
dependent variable athacationas the independent variable. Third, | used a one-way ANOVA

with total infaunaas the dependent variable, ayjaby sizeas the independent variable.

Goby diet

Gobies were captured with aquarium nets at site Normans on 7/1/2011 and 7/21/2011 and
at site Woobie on 7/2/2011 and 7/23/2011. On each collection d&i,laBgusand 25C.
saepepallensrere captured (200 total). Gobies were transported to the lab alive and euthanized
with an overdose of MS-222. The entire digestive tract of each goby was remadwadwiburs
of capture. Digestive tracts were preserved in a 5% formalin solution for ‘Addyken stored

in 70% ethanol.

When possible, | identified all gut content items to the same level as wigkdheent
infauna survey (see above). | categorized prey items by the same fowgbnatertaxon groups

as described above.
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First, | examined the effect of three independent variabtdsy speciefN. longusor C.
saepepallens site(Normans or Woobie), angbby sizefive 10-mm size bins from 20 to 70
mm) on total invertebrate counts in gut contents. Because the data was not ndistrddlyted
and log, square root, and reciprocal transformations did not normalize theutstd a three-

way permutation ANOVA (R subroutine “adonis” in “vegan” package).

Second, for each site, | ran a one-way permutation MANOVA takbn relative
abundances the multivariate dependent variable aridination (N. longusdigestive tractC.
saepepallendigestive tract, or sediment) as the independent variable. | also ran multiple
comparisons using the same analysis to examine differences &amongelative abundande
sediment and in the digestive tracts of both gobies. For each site, | additiordlrugcipal
Components Analysis to visualize the data and examine the contribution of each inteertebra
taxon group to variation between the two gobies and sediment (R subroutine “prcomp” in

“vegan” package).

Food-restriction assay

| placed gobies of the two species under a restricted diet to compare ragsdbss of
the two species. Gobies between 25 and 45 mm total length were collectedNatrsiéas (39
N. longusand 39C. saepepallersBefore the food-restriction assay began, all gobies were
blotted to remove excess water, weighed (wet mass), and measured (tatl &agting length
was similar between the two goby species (mefh% confidencelN. longus35.9 +1.50 mm,
C. saepepallens6.2 +2.00 mm; Kruskal-Walli&?= 0.425, df=1P = 0.514), although, starting

wet mass was different between the two goby species (m@a#o€onfidenceN. longus0.242
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+0.027 grams an@. saepepallen®.319 +0.042 grams; Kruskal-Walli?*= 6.734, df=1P =

0.009).

During the 25-day food-restriction period, gobies were placed individuadiear
containers measuring 11 X 11 X 11 cm. A 6-cm long section of 1.25-cm PVC pipe was placed in
each container to provide shelter for gobies. Containers were stored in threteel®®at
through seawater aquaria (28 containers in each). The location of goby specremagomly
assigned among aquaria to control for any difference in water flow. For g@aahuen, a 2.5-cm
pipe delivered raw seawater into 28 smaller tubes (4-mm inner diamébeindividual

containers. Water flowed into containers at a rate between 600 and 1100 ml/minute.

Brine shrimpArtemia salinawere hatched every other day and readily consumed by
both goby speciea\ll hatchedArtemiawere distributed evenly among the gobies. The average
daily ration ofArtemiawas 0.032 g (wet mass) per goby. Given this ration and the range of size

of gobies used, daily diet ranged between 5.5 and 31.0 % of a goby’s starting wet mass.

By the end of the 25-day food-restriction period, there was some mortality (2Nof 39
longusand 9 of 3C. saepepallensl used a goodness-of-fit test to compare mortality between
goby species. Remaining gobies were euthanized with an overdose of MS-222, bibted wi

paper towel, weighed, and measured.

| calculatedoercent mass lodsr each goby as a dependent variable. To examine
whether mass loss was different between the two goby species, | conducte®¥A Aith
speciesN. longusor C. saepepallensas the independent variable, aguarium (one of three) as a
random effect, andercent mass losss the dependent variable. There were also three continuous

independent variableaverage activityfsee below)daily diet,andstart massTo examine their
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effect, | used a three-way ANCOVA witlercent mass losas the dependent variabigmby
speciesas the categorical independent variable, and three continuous independent variables a
covariates (Conover & Iman 1982). | also, tested the effqmer@ient mass losm activity with

two linear regressions (one for each species).

Before (6/22/2011) and after (7/17/2011) the food-restriction period, gobies weed fil
in the same 11 X 11 X 11-cm containers in which they were held during the foodtiastric
period. Gobies were filmed from above during 10-minute intervals using eithercaEdsn
FH-100 camera or Canon G11 camera. From these videos, | calculated number ahinates/
referred to as the dependent variadd@vity. A move is defined as any time a focal goby at rest
made any movement and then came to rest again. Moves included both minor movements such
as adjustment of position or larger movements such as swimming from one end of timeiconta
to the otherActivity was normalized using a square-root transformation. | used a repeated-
measures ANOVA to test for differences in activity before and afteotig rfestriction
treatment, and between the two species. Because the two species hamhbyadiisterent
activity levels and because there was an interaction between the independbtdsspecies
andtime | used a separate paired t-test for each species to test for a ddferetivity before

and after the treatment.

3.3 Results

Depletion of sediment infauna at burrow entrances

The location of sediment samples (burrow entrance or open benthos) had a stgnifica
effect on infaunal abundance at site Woobletélling’s T2= 18.33, df = 4P = 0.001; Fig. 3.1)
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but not at site Normansiptelling’s T2= 2.445, df = 4P = 0.654; Fig. 3.1). At site Woobie,

copepods were 67.9%, other crustaceans were 111%, molluscs were 68.4%, and nematodes were
14.1% more abundant in open benthos than at burrow entrances (Fig. 3.1). Site (Normans or
Woobie) also had an effect on infaunal abunddkce 57.9, df = 1P < 0.001; Fig. 3.1).

Copepods were 25.7% less abundant, other crustaceans were 310% more abundant, molluscs
were 0.7 % less abundant, and nematodes were 297% less abundant at site Normans than
Woobie (Fig. 3.1). Goby siZg 4 cm or > 4 cm) had no effect on sediment infaunal abundance

(F=0.616, df = 1P = 0.638).

Total infaunal abundance was greater in open benthos than burrow entrances at site
Woobie (t-testt = 2.23, df = 43P = 0.031; Fig. 3.1), but not at site Normans (t-test0.002,
df = 39,P = 0.99; Fig. 3.1). Total infaunal abundance was greater at site Woobie than site
Normans(ANOVA: F = 58.5, df = 1P < 0.001; Fig. 3.1). Goby sizead no effect on total

infaunalabundance (ANOVAF = 0.69, df = 1P = 0.41).

Goby diet

Total invertebrate abundance was greater in the in digestive tractsaépepallenthan ofN.
longus(Fig. 3.2, Table 3.1). The digestive tractofsaepepallenat site Woobie had
statistically greater total invertebrate abundance than at siteader(rig. 3.2, Table 3.1). Goby
size (five 10-mm size bins from 20 to 70 mm) had no effect on total invertebrate abumdance

digestive tracts.

At site Normans, the relative abundance of the four invertebrate taxa in thersedane
different from the digestive tracts Nf longus(F = 53.02, df = 1P < 0.001) ancC. saepepallens
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(F =9.01, df = 1P < 0.001; Fig. 3.3A)N. longusdigestive tracts contained proportionally less
copepods, more other crustaceans, more molluscs, and less nematodes than sedeent sam
(Fig. 3.3A).C. saepepallengigestive tracts contain proportionally more copepods than sediment
samples and similar other crustaceans, molluscs, and nematodes as sedipleat(Bam

3.3A). Relative invertebrate taxa abundance was statistically differemtdre the digestive

tracts of the two goby specids £ 41.91, df = 1P < 0.001).N. longusdigestive tracts contained
proportionally less copepods, more other crustaceans, more molluscs, and less sah&tGde
saepepallengFig. 3.3A). The diet o€. saepepallenwasmore closely matched than the diet of

N. longuswith sediment infaunaat least on the first principal components axis, which accounted
for 42.4% of the variation and was most strongly correlated with copepods and otheeansta

(loadings = -0.57 and 0.69, respectively; Fig. 3.3B).

At site Woobie, the relative abundance of the four invertebrate taxa in the sediase
statistically different from the relative abundance in the digestieestcdN. longus(F = 77.74,
df =1,P < 0.001) ancC. saepepallend- = 5.96, df = 1P = 0.003, respectively; Fig. 3.3CIN.
longusdigestive tracts contained proportionally less copepods and nematodes, and more other
crustaceans and molluscs than sediment samples (Fig. 8.3%epepallendigestive tracts and
sediment samples contained similar proportions of copepods, other crustaceans,,maliuscs
nematodes (Fig. 3.3CRRelative invertebrate taxa abundance was statistically differenebetw
the digestive tracts of the two goby specles (39.20, df = 1P < 0.001).N. longusdigestive
tracts contained similar proportions of copepod€ asaepepallendigestive tracts, but more
other crustaceans and molluscs and less nematodes (Fig. 3.3C). Th&€dsaapepallenwas
more closely matched than the diet\bflonguswith sediment infaunan the first principal

components axis, which account for 44.4% of the variation and was most strongly edrrelat
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with other crustaceans, molluscs, and nematodes (loadings = -0.49, -0.51, and 0.67,
respectively), and the second principal components axis, which accounted for 29.3% of the
variation and was most strongly correlated with copepods and molluscs (loadingsand).71

0.49, respectively; Fig. 3.3D).

Food-restriction assay

Mortality was higher irC. saepepallenthan inN. longus(9/39 versus 2/39; goodness-
of-fit: X*= 3.81, df = 1P = 0.051).C. saepepallenalsolost more mass than did. longus
(mean_+t95% confidence: 47.1 2.49 versus 34.4 2.98 percent body mass, respectively;
ANOVA: F =40.24, df = 1P < 0.001). There was no interaction between species and aguarium

(ANOVA: F = 2.60, df = 2P = 0.082).

Average activity and starting mass had no effect on percent mass lobseis (Jable
3.2). Average daily diet did have an effect on mass loss: greater perceulietaias associated
with lower percent mass loss (Table 3.2). Mass loss had no effect on poseitrteattivity for
N. longus(Linear Regressior:= -1.54, n = 29P = 0.134) orC. saepepallenf.inear

Regressiont = -0.308, n = 252 = 0.760).

C. saepepallenwas more active thaN. longus(mean +95% confidence: 9.86 .20
moves/min versus 4.7706:92, respectively; ANOVAF = 39.7, df = 1P < 0.001). There was
no difference in activity before and after the food-restriction treat(dd®OVA: F = 0.263, df =
1,P =0.61), but there was an interaction between species and time (ANOVA:60, dg = 1,
P =0.022).C. saepepallenwas less active before than after the food-restriction treatment (8.97
+ 1.66 versus 11.6 +.57 moves/min, respectively; t-test 2.49, df = 23P = 0.020).N. longus
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had similar activity before and after the food-restriction treatment (5135+versus 4.81 +

1.60 moves/min, respectively; t-test 1.11, df = 26P = 0.28).

3.4 Discussion

The cost of mutualism

Because obligate mutualists are more reliant on their partners than faeuttatualists,
significantly greater costs might be expected in the process of maigtéhe obligate
association. | previously found thdt longusbenefits more tha@. saepepallenom
association with shrimpN. longusavoided predators more effectively while using shrimp
burrows than shells as refuge. In contr@stsaepepallenavoided predators with equal
effectiveness while using shrimp burrows and shells (Chapter 2). Thi, lfiorgusthere is
greater payoff for maintenance of associations witfloridanus i.e. maintaining position #.
floridanusburrow entrances. It is not surprising then thatongusremain withA. floridanusfor
longer periods antave greater preference #r floridanusburrows rather than other shelters

thanC. saepepallenfChapter 1).

Here, | provide evidence that depending on the energetic needs of a goby, thbeeana
cost associated with confining foraging effort to burrow entrances. At en@\éoobie), food
supply at burrow entrances was less abundant than elsewhere. This depletionshig feom
the focused foraging ?d. longusand to a lesser exte@t saepepallenst shrimp burrow

entrances.
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Importantly, this pattern was not present at a second site (Normans), imgltbati this
cost varies spatially. The lack of apparent food depletion at burrow entrastesNdrmans
was not due to differences of foraging effortoflongusandC. saepepallengetween site
Normans and Woobie. | previously found that at site NornfdngngusandC. saepepallens
were at burrow entrances 87.5% and 42.6% of the time, respectively. At site Wdbiggus
andC. saepepallenere at burrow entrances 89.1% and 45.3% of the time, respectively
(Chapter 1). However, two other abundant goby speCephopterus glaucofraenuand
Gnatholepis thompsonihat were found at site Normans, but not at site Woobie, may deplete
infaunal invertebrates in open benthos. Both species forage on each of the invertedorate ta
studied here (Wayman 1973, Kramer et al. 2008bylaucofraenumvas present at shrimp
burrow entrances only 20.5% of the time, whel®@athompsonused coral rubble and patch
coral for shelter and was not observed using shrimp burrows (Chapter 1). Thuspaepleti
infaunal invertebrates kY. longusandC. saepepallenat burrow entrances may be matched by
depletion of infaunal invertebrates in open bottoms distant from shrimp burro@s by
saepepallens, C. glaucofraenuamdG. thompsoniln addition, nocturnal emergence rates may
differ between the Normans and Woobie sites (Alldredge & King 1977). Greategemse rates
at Normans could act to homogenize meiofauna abundance between burrow entrances and

elsewhere.

Relation of degree of mutualistic association by gobies to energetic consequences

While foraging on a limited diet in a confined area, similar in size to tharex@rof a

shrimp burrowN. longussuffered lower mortality and lost less body mass thasaepepallens.
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Thus,N. longusis better equipped for coping with the cost of remaining at food-deplete burrow
entrances tha@. saepepallenshe difference in performance on a restricted diet was likely
related to differences in activity between the two spebiekngusmoved less frequently while

in a confined aremn vivo (see above) and between burrawsitu thanC. saepepallen€Chapter

1). By moving lessN. longusspends more time in a resting metabolic state and likely has less

energetic needs th&h saepepallentsee Huey & Pianka 1981).

Activity level is related to foraging style, which differed greaiyvieeen the two goby
speciesN. longuss a sedentary visual sit-and-wait predator that targets crustacedicsygody
tanaidaceans and cumaceans, as well as gastropod and bivalve mllimogudikely lacks
nematodes from its diet because nematodes may be below the lower sifm Misual
detection (Hairston et al. 1982, Li et al. 1985) or because nematodes razedye érom the
sediment at night or day (Ohlhorst 1982, Youngbluth 1982, Walters & Bell 1986, Walters 1988).
Adult gastropods and bivalves do not emerge either (Walters & Bell 1986), but redfoyrad
near the water-sediment interface and may become exposed to visual predats®such a
longus In contrastC. saepepallenis a roaming winnower that consumes all benthic meiofauna
(including nematodes) in roughly the proportion in which they occur in the benthos. Tlee great
abundance of food items in the digestive tractS.asaepepallenthanN. longuss probably
caused by the lower diet selectivity©f saepepallensompared tdN. longus Depczynski &
Bellwood (2004) compared time budgets of seven small coral reef fishes (sig gotiene
blenny) including two roaming winnowers and five sit-and-wait predatonsndWers spent
more time moving and feeding than sit-and-wait predators. The winnowers hkt diets that
were more specialized than two of the sit-and-wait predators but broader thathéw sit-and-

wait predators (Depczynski & Bellwood 2003). Thus, while sit-and-wait predastiegs
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certainly move less than winnowing fishes, they do not always have moreveetkets than

winnowing fishes.

There are two reasonable, but contrasting, hypotheses one could make rebarding t
relationship between diet breadth and forging range (i.e. sit-and-wait veesusg). First, one
could argue that, by remaining in one place, an animal is likely to have legimfoo@portunity
and should therefore incorporate a wider diet than a roaming predator. F@iexainthree
crabs differing in mobility, the most mobile had the most specialized dieharéast mobile
had the widest diet (Stachowicz & Hay 1999). Alternatively, one could argue thatra sivait
predator does not use as much energy as a roaming predator and can there$br@nsalnsore
specialized diet. For example, pollo¢koflachius virenkthat are sit-and-wait predators and
saithe Pollachius pollachiusthat are roaming predators occur in the same kelp beds, but
pollock have a narrower diet breadth (Sarno et al. 1994). There is a problem ofychesali
Mobility and a high energetic demand may force the adoption of a broad diet. Algnat

specialized diet may force the adoption of a large foraging range.

ForN. longusandC. saepepallenst is unclear whether diet breadth or foraging style is
the causal mechanism. However, it is clear that for communication with shriryana-svait
feeding strategy is probably most suitable and may in fact be necessamu@ication with
shrimp requires physical contact between the antennae of the shrimp and caudakfigodsy
(Preston 1978). A goby waiting for prey to emerge from the sediment can do solsdhdetang
as a sentinel for shrimp. Thus, it seems reasonable that the foraging sif&egpyngusmakes
it better suited tha@. saepepallenfor a tight association witA. floridanus Because.
saepepallenss a winnower with greater energetic demands, or perhaps a need for a dreade
it must roam and is therefore likely limited to a casual facultative aggotiwithA. floridanus
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Table 3.1 Results of a three-way permutation ANOVA with total invertebrate abundance in
digestive tract contents of gobies as the dependent variable and three indepanaleles:
Speciesi. longusor C. saepepallensSize (five 10-mm size bins from 20 to 70 mm) and Site

(Normans or Woobie).

Source Df SS MS Fmodel P-value
Species 1 4.014 4.014 4414 <0.001
Size 4 0.653 0.163 1.795 0.093
Site 1 0.853 0.853 9.382 <0.001
Species * Size 3 0.273 0.091 1.002 0.416
Species * Site 1 0.599 0.599 6.591 0.003
Size * Site 4 0.313 0.078 0.861 0.552
Species *Size *Site 2 0.053 0.027 0.295 0.88p
Residuals 163 14.83 0.091 0.687

Total 179 21.58 1
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Table 3.2 ANCOVA with percent mass losss the dependent variabimby speciesas the
categorical independent variable, and three different covaratigty (moves/minute)daily
diet (percent start masstart masgg)

Source Estimate Std. Error t P-value
Intercept 0.735 0.142 5.186 <0.001
Species -0.148 0.027 -5.353 <0.001
Start mass -0.366 0.251 -1.444 0.1539
Activity -0.003 0.003 -0.972 0.3351
Daily diet -2.030 1.022 -1.987 0.0516
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Figure 3.1 Mean abundance of sediment infauna from each of four invertebrate taxa as well as
total abundance of all taxa combined. For both Normans entrance and open benthos, n = 40. For
both Woobie entrance and open benthos, n = 44. Error bars are 95% confidence intervals.
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Figure 3.2 Totalgut contents of both goby species at both sitesse&oh bar, n = 50. Error be
are 95% confidence intervals.
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Figure 3.3 Comparisons of digestive tract content of gobies with sediment infauna fronpshrim
burrow entrances using barplots and Principal Components Analysis (PCA). (A) Mea
proportion of invertebrate abundance by taxon found in digestive tracts of each goey apdc

in sediment infauna from shrimp burrow entrances, all from site Normans. Err@ré®&5%
confidence intervals. (B) PCA with dependent variables as relative abundanch of &g&e
invertebrate taxa in 3A. The gobies are from site Normans as well as thesedifauna. Axis

1 and 2 account for 42.4 and 29.6% of the variation, respectively. Axis 1 is most strongly
correlated with “copepods” and “other crustaceans” (loadings = -0.57 and 0.69tivesgec

Axis 2 is most strongly correlated with “copepods” and “nematodes” (loadin@g$$ and 0.65).
(C) Same as A, but the gobies and sediment infauna are from site Woobie. (DgsSBnimut

the gobies and sediment infauna are from site Woobie. Axis 1 and 2 account for 44.4 and 29.3%
of the variation, respectively. Axis 1 is most strongly correlated with “athestaceans,”
“molluscs,” and “nematodes” (loadings = -0.49, -0.51, and 0.67, respectively). Axisdais
strongly correlated with “copepods” and “molluscs” (loadings = -0.71 and 0.49, tigspgc
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