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Abstract

The genugsobiodon represents the most species-rich group of speedlieef fishes that live
post-larval in an abiding association with livingrals of the genu&cropora. The present study,
performed in the Gulf of Agaba, focused on the ctftd architecture and size of the two corals
Acropora digitifera and A. gemmifera on the habitat preference and shape of the twadgob
Gobiodon histrio and G. rivulatus, which inhabit and compete for these corals. Priakry
studies on 132 preserved individuals of seven speafGobiodon aim to examine the total
shape variation within this genus in the northered RSea and was realized by means of
traditional and geometric morphometric technigquéd®e two techniques were compared to look
for qualitative differences in analyses. The sapwhitiiques were used at the Red Sea on 30
narcotized but live fishes. Measured and recovéisdtes were released back to the reef. To
study the influence of coral architecture on fisla®e, a total of 59 occupied and unoccupied
coral colonies were measured during random swintiseateef flat and reef edge. Measurements
include colony size, branch length, branch tip atise and interbranch-distance of adjacent
branches of each colony. To measure the interbreistAnce close to branch bases, a new and
non-destructive measurement technique employings aafstwo-component epoxy resin was
developed and performed. Data were analysed witbusaunivariate and multivariate methods.
Several discrimination features like the body heighthe ventralis-base or the greatest head
width were revealed for the interspecific shapearare as well as the presence of a phylogenetic
constraint within the genuSobiodon. Geometric morphometrics yielded more detailedltssn

less time. The pattern of growth of the two spe@é&ssobiodon examined in detail show
distinctive differences and provide a possible arption for the superior position G histrio

in competitive hierarchies. The most important dadbr the occupation of corals is a branch
length exceeding 5 cm. The branch tip distancelaggg within occupied corals the fish size.
Coral morphologies influence on fish shape is odéld in the interbranch-distance which can be
seen as a filter for fish width. Further, half ihterbranch-distance seemed to the optimum and

desired for the maximal body width extension obasaed fish.
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Kurzfassung

Die GattungGobiodon reprasentiert die artenreichste Gruppe an Rifiksc die post-larval
permanent in lebenden Korallen der Gattéwagopora leben. Die aktuelle Studie, durchgefuhrt
im Golf von Aqgaba, untersuchte die Effekte der Aktur und Groéf3e von den zwei
KorallenartenAcropora digitifera und A. gemmifera auf die Habitatwahl und Kérperform von
den zwei KorallengrundelarterGobiodon histiro und G. rivulatus, die um dieses Habitat
konkurrieren. Einleitende Untersuchungen an 132s&onerten Individuen der sieben im
nordlichen Roten Meer vorkommenden Arten v@obiodon hatte zum Ziel, die gesamte
Korperformvariation innerhalb der Gattung mittelgaditioneller und geometrischer
Morphometrie zu ermitteln. Die Ergebnisse wurdentemander verglichen um mogliche
gualitative Unterschiede in den Methoden zu find2ie. selben Methoden wurden im Labor am
Roten Meer an betaubten Individuen der zwei Kongifandelarten angewendet. Vermessene
und wieder vollkommen aus der Narkose erwachtehEiseurden zurtick ins Riff gebracht. Zur
Erhebung des Einflusses der Korallenarchitektur def Fischform wurden insgesamt 59
bewohnte und unbewohnte Korallenkolonien am Riffdacd der Riffkante vermessen.
Vermessen wurden die KoloniegroRe, die Astlanger detendenabstand und der
Astzwischenraum zweier benachbarter Korallenaste. \Zermessung des Astzwischenraumes
nahe der Korallenbasis wurde eine neue und nichstarerische Vermessungsmethode
entwickelt und angewendet. Bei dieser Methode wwideEpoxidharz mittels Pinzetten dazu
verwendet Abdricke des Astzwischenraumes zu erstelie ausgeharteten Abdricke wurden
anschlieBend vermessen. Die gewonnenen Daten wurdemunivariater und multivariater
Statistik analysiert. Die Korperhbhe an der VeidrAnsatzstelle und die maximale
Schédelbreite entpuppten sich als zwischenartliEbemunterscheidungsmerkmale. Zudem
wurde die Anwesenheit einer phylogenetischen Endsttung der Wachstumsstruktur innerhalb
der Gattung Gobiodon festgestellt. Der Methodenvergleich sprach fir dieometrische
Morphometrie, da sie genauere Ergebnisse in kirZei liefert. Die Wachstumsstruktur der
zwei Gobiodon-Arten wurde im Detail untersucht und weist markatinterschiede durch
hohere Koérperform und Korpergrof3e v@n histrio auf, was eine mogliche Erklarung fur die
hohere Position vorG. histrio innerhalb der kompetitiven Hierarchie ist. Der htigste
Besiedlungsfaktor ist eine Astlange von Uber 5 erd innerhalb besiedelter Korallen reguliert
der Astendenabstand die FischgroRe. Der Astzwisabenkann als Filter fur die Korperbreite
der assoziierten Fische gesehen werden und spiedalter den Einfluss der



Korallenmorphologie auf die Fischform wider. Es ech als ob die Halfte der
Astzwischenraumdistanz das Optimum fir die maxintédeperbreite der Korallengrundeln

darstellt.



I ntroduction

Adaptation and habitat specialisation play an irtgearrole for the evolution and diversification
of organisms. Within coral reefs, the great ranfeasal growth forms (Wallace 1999; Veron
2000) offer many different ecological niches focpying organisms. This variability of coral
forms provides microhabitats with selective chaeastics for organisms. One of those
microhabitats is the space between branches othirag corals and it plays a key role for their
occupation by other animals. Highly diverse groopslosely related species, such as coral-
associated invertebrates (i.e. crabs) and fishgs (®bies and damselfishes) that occupy narrow
ecological niches are good models for studying igfieation within such spatially constrained
microhabitats.

Corals’ complex architecture with its constrairsgghce and wide range of gaps provide
retreat areas for organisms against predators @swnd Jones 1998; Almany 2004a,b). Fishes
and other organisms use the corals as shelteremyugsounds and also food resource (Lassig
1981). Without these complex areas of retreat imalcoeefs, biodiversity would decrease
(Doherty and Sale 1986; Roberts and Ormond 1984grHand Beets 1993; Roberts et al. 2002;
Hobbs and Munday 2004; Munday 2004). The architectdi coral colonies differs depending
on their exposure to wave movement (Bradbury andngol981) with according changes in
microhabitat characteristics. Microhabitats prodidey corals are an important basis for the
diversification of occupying species through thethuctural complexity. Abiotic factors change
corals’ architecture and influence microhabitatadidans.

Among coral-associated fishes, gobies representtbst species-rich group (Munday
and Jones 1998). Most species of the family Gobiidee small in size and have evolved an
extraordinarily high diversity, now representing tinost species-rich marine fish family (Nelson
2006). They are very abundant in many ecosysterdsoanupy a great range of habitats, in
particular among coral reefs (Miller 1996; Mundaylaones 1998; Herler 2007).

The genusAcropora is the most species-rich genus of reef-buildingalsoand many
species are occupied by gobies (Munday et al. 1B@7ler 2007). Small size and compressed
body shapes of coral-associated fishes enforcesphyal constraints of corals are expected to
be important adaptive traits that enhance thedgrod occupants. All small-scaled habitats cause
body-form related adaptations and this often le@mdan advantage, to occupy an ecological
niche and use the resources the habitat providas appropriate way, only through this specific
adaptation (Miller 1996). Body shape of occupyirsipfspecies is assumed to differ with respect



to their most preferred host corals: narrow intanigh-distances lead to more compress species
with deeper bodies (Herler et al. 2007) and grosaties and survival dBobiodon spp. is also
related to interbranch-space (Munday 2001; Mundagl.e2001). In addition, the decrease of
body size often provides access to new, spatialystrained, environments and new trophic
levels in the food chain, even in a saturated estesy (Miller 1979; Munday and Jones 1998).

Corals of the speciescropora digitifera and A. gemmifera are both occupied by
Gobiodon histrio and G. rivulatus and this overlap in habitat-demand leads to ipt#ic
competition (Dirnwober and Herler 2007). Achieviag advantage in fitness by reaching a
higher rank in the competitive hierarchy by growiagger (Munday 2001) is limited through the
interbranch-distance of corals and its possibiisyhide-out. During turf wars body length is
important but the lateral appearance plays a mapfer(Collyer et al. 2005) and adult specimens
of G. histrios got about 44 % body height of its total body ldénigt contrast tds. rivulatus with
only about 38 % (Herler and Hilgers 2005). Comparssof body width and total body length of
different sized specimens of these two species emigthat the differences in shape are a
consequence of allometric growth.

After proceeding studies on preserved specimenghwibcused on the shape variation
among seven species Gbbiodon, two species@. histrio and G. rivulatus), were chosen for
examination of fish shape and its relation to hastl shape. Two morphometric approaches
(traditional and geometric morphometrics (Mittedomc and Gunz 2009)) were applied on
preserved and live fishes and compared with edaérotn this study, only corals of the genus
Acropora were investigated because of their great rangspatial niches their architecture
provides. In addition to various direct linear measnents of corals, a new technique was
implemented to measure the corals interbranchsdistaindirectly, by employing a two-
component epoxy resin to create casts of the irdedh-space. The focus of the present study
lies on the relation between body shape variatiothése twadGobiodon species and their host

corals’ architecture.



Material & Methods

1. Body shape variation within the gertegbiodon

Proceeding shape studies focused on seven spddiaabimdon (described in detail by Herler
and Hilgers (2005)) from the northern Red Sea.tAltof 132 preserved specimet@ €itrinus:

n = 13,G. histrio: n = 26,G. reticulatus. n = 25,G. rivulatus: n = 18,G. sp.1: n = 20(G. sp.2: n
=13 andG. sp.3: n = 17; dataset A) were examined. The siagasfor all species are indicated

in Figure 1.
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Fig. 1: Size ranges of preserved specimens of sgpecies ofsobiodon (n = 132) used for traditional
and geometric morphometric investigatiofitie box plots show median, first and third quastiland
range of standard lengths @bbiodon citrinus (Cit, n = 13),G. histrio (His, n = 26),G. reticulatus (Ret,
n = 25),G. rivulatus (Riv, n = 18),G. sp.1 (Sp1, n = 20%5. sp.2 (Sp2, n = 13) ar@. sp.3 (Sp3, n = 17).

Two methodological approaches - traditional morpbibics (TM) and geometric
morphometrics (GM) — were used and compared witth esther to reveal whether the two
general techniques yield differences in qualitgleépe discrimination (Maderbacher et al. 2008)

across species @obiodon.



1.1 Traditional morphometrics

Sixteen standard linear measurements were takem I&2 specimens with a digital caliper to

the closest 0.01 mm (figure 2a, table 1).

Fig. 2: Morphometric techniques applied to speadsGobiodon from the northern Red Sea: (a)
Schematic representation of lateral measuremeradit{bnal morphometrics). Head and body width
measurements in the transversal plane are notaitedic (b) Positions of 15 landmarks for geometric
morphometric analyses. Abbreviations respectivgptanation for measurements and landmark positions

are given in table 1.



Table 1: 16 standardized distances for traditionafphometrics and description of 15 landmarks for

geometric morphometrics.

Nr. | Abbreviation| Description
1 SL Snout tip to caudal fin base
2 CPd Smallest heights of the caudal-peduncle
3 gBw Greatest body width
4 Aw Anal width
5 Hw Head width
6 gHw Greatest head width
7 H Head length
8 SN/E Snout to eye distance
9 uJ Upper jaw length
10 SN/D1 Snout to first dorsal fin origin
11 SN/V Snout to ventral fin origin
12 PO Postorbital-distance
13 E Horizontal eye diameter
14 Vi Ventralis lenght
15 vd Body height at ventral fin origin
16 V/AN Distance ventral fin to anus
LM Description

1 Center of orbit

2 Anterior tip of the snout

3 Anterior insertion of first dorsal fin

4 Anterior insertion of second dorsal fin

5 Posterior insertion of second dorsal fin
6 Dorsal insertion of caudal fin

7 Midpoint of the origin of the caudal fin

8 Ventral insertion of caudal fin

9 Posterior insertion of the anal fin

10 Anterior insertion of the anal fin
11 Insertion of the ventral fin

12 Ventral insertion of pectoral fin
13 Dorsal insertion of pectoral fin
14 Dorsal insertion of operculum
15 Snout tip

All specimens were preserved in alcohol. The tlepidermal mucus layer, typical for species of
Gobiodon, was scraped off with a scalpel to reveal the @natal points (landmarks) required

for measurements. Measurements were convertedofgogiions through expressing them as
percentage of standard length (table 2). Propastiorere analysed through a principal

component analysis (PCA) and plotted with the progPAST 2.03 .



1.2 Geometric morphometrics

The same 132 specimens as used for traditional urezagnts were scanned on an EPSON
Perfection 4990 flatbed scanner using a 3200 dymluéon, according to the protocol of Herler
et al. (2007). The jpg-images were compiled to s&filp and randomized with the program
tpsuUtil 1.44 (Rohlf 2009b). The program tpsDig 2(Rbhlf 2009a) was used to put landmarks
(Bookstein 1997) on the images in the tps-file.eA af 15 standardized landmarks (LM) was

used for shape discrimination (figure 2b, table 1).

Table 2: 15 body proportions in percentage stantsgth of seven preserved speciessobiodon (n =

132). Values show ranges and, in parentheses, arghistandard deviation. Abbreviations are listed in

figure 1 and table 1.

G. cit. G.his. G. ret. G.riv. G.sp.l G. sp.2 G. sp.3

(n=13) (n = 26) (n =25) (n=18) (n =20) (n=13) (n=17)

SL 20.4 — 20.5 - 20.8 — 19.9 — 22.4 — 17.8 — 18.4 —
453 mm 37.1mm 32.7mm 27.2mm 355mm 26.7mm 35.9mm

%SL

CPd 126-16.7 136-16.2 12.0-16.0 135-178 13.0-17.7 12.1-146 129-153
(14.0;1.3) (15.1;0.7) (13.6;0.9) (15.3;1.1) (15.1;0.9) (13.5;0.8) (14.3;0.7)

gBw 142-205 94-160 6.7-201 115-179 9.1-163 10.7-154 9.9-16.1
(15.8;1.9) (12.6;1.6) (12.9;3.1) (14.1;1.9) (12.6;1.7) (13.6;1.5) (12.4;1.6)

Aw 8.7-145 88-115 82-143 8.2-165 8.8-14.1 8.1-105 8.0-175
(11.4;1.4) (10.1;0.8) (10.9;1.5) (10.8;2.0) (11.1;1.6) (9.3;0.7) (11.1;2.8)
Hw 11.3-149 10.7-142 115-164 10.2-159 11.3-151 11.3-14.1 11.6-15.0
(13.0;0.9) (12.4;0.9) (14.2;1.1) (135;1.4) (13.1;1.0) (12.6;0.8) (13.6;1.0)
gHw 17.0-206 15.0-19.2 155-21.2 16.3-20.0 16.3-21.1 16.1-196 17.3-20.6
(18.5;1.1) (16.7;1.0) (19.1;1.4) (18.3;0.9) (18.4;1.3) (17.8;0.90 (18.5;0.7)
H 276- 313 26.3-31.2 125-319 26.1-315 26.7-30.8 26.7-31.2 26.8-322
(29.3;1.1)  (29.0;1.1) (28.3;3.5) (28.7;1.8) (28.2;1.2) (28.5;1.2) (29.5;1.4)

SN/E 7.1-10.3 6.7-8.8 6.9-8.9 6.2-8.7 6.9-95 6.4-9.6 6.9-10.1
(8.2;1.0) (7.8; 0.5) (7.8; 0.5) (7.4;0.7) (8.0; 0.6) (7.6;1.0) (8.2;0.8)
uJ 95-11.1 106-129 10.7-141 99-123 9.7-129 11.8-144 118-14.1
(10.5;0.5) (11.7;0.6) (12.3;0.7) (11.1;0.6) (11.3;0.7) (12.9;0.7) (13.1;0.7)
SN/D1 30.6-345 329-396 30.3-354 320-357 31.0-363 319-484 33.8-37.9
(32.5;1.1) (35.4;1.6) (32.8;1.6) (33.8;0.8) (34.0;15) (35.4;4.3) (35.4;1.1)
SN/V  358-423 36.6-405 356-415 353-40.2 348-41.4 37.3-40.7 37.6-435
(37.7;2.0) (38.3;1.1) (38.0;1.4) (37.6;1.2) (38.4;1.7) (39.0;1.0) (40.1;2.0)
PO 129-16.1 16.0-182 12.0-173 13.0-194 13.7-174 146-187 15.0-17.5
(14.3;0.9) (16.8;0.6) (15.0;1.3) (15.9;1.7) (15.8;1.1) (16.5;1.3) (16.4;0.8)

E 75-10.7 54-7.4 6.8-9.5 6.1-8.8 5.9-85 55-7.5 55-7.7
(9.3; 1.0 (6.3; 0.6) (7.9;0.8) (7.1;0.7) (6.9; 0.6) (6.5; 0.6) (6.7;0.7)
Vi 15.6-20.1 14.3-18.1 12.8-185 116-169 10.8-18.8 14.3-187 152-20.3
(18.0;1.7)  (15.8;1.0) (16.0;1.4) (14.7;1.4) (15.0;2.3) (15.9;1.3) (17.6;1.5)
vd 33.6-40.2 38.1-47.1 329-405 327-374 32.7-416 33.3-39.7 356-425
(36.0;2.0) (42.3;2.3) (36.7;2.1) (35.1;1.1) (35.8;2.1) (36.3;1.7) (38.6;2.0)
VIAN 195-29.1 18.7-254 16.8-21.2 16.7-235 13.8-22.6 20.4-31.1 18.4-290
(24.9;3.2) (21.6;1.7) (19.1;1.1) (19.3;1.8) (18.7;2.2) (25.9;2.9) (24.0;3.3)




Further, all non-shape variation (location, ori¢iota (or rotation) and scale) was removed:
usually a generalized Procrustes analysis (DrydeinMardia 1998 Rohlf 1999) is employed. In
the present study a Procrustes superimposition pearmed: each landmark configuration
receives a geometric center (the centroid) throuagltulating the arithmetic mean of all
landmark coordinates. The geometric size of lan#ntanfigurations (centroid size; CS) is
calculated by the square root of the sum of squdigdnces (SSD) between each landmark and
the centroid, and is used to rescale all configomatto a common size (CS = 1). A translation to
a common center is performed by shifting all comfadions to the centroid coordinates 0/0.
Finally, the configurations are rotated againsteather (using a least-squares procedure), until
an optimal fit is obtained (Dryden and Mardia 1988%hlf 1999). These newly established
Procrustes shape coordinates are required for tindy of true shape differences in these

landmark configurations.

2. Morphology of selected speci&3sopiodon histrio andG. rivulatus)

Examinations of live fishes were made in April aiidy 2010 in the Gulf of Agaba, close to the
Napoleon Reef in the region of Dahab, Sinai, Eqggf28’ N, 34°30’ E). Fish were caught by
taking random swims using SCUBA at two differerdfreones (reef flat and reef edge). Fishes
were narcotized with clove oil (Munday and Wilso®97), captured, recovered and stored in
numbered plastic boxes. In the laboratory, fisheastored in aquaria (L x W x H=0.8 x 0.5 x
0.4 m) and supplied with fresh sea-water from avftbrough system. Pairs were kept in the
same container but separated from other pairs layl parforated plastic boxes.

Thirty specimens of the tw&obiodon species (21G. histrio and 9G. rivulatus, dataset
C; plate 1) were collected from randomly selectedak colonies ofA. digitifera and A.
gemmifera (plate 2) and used for traditional and geometrarphometrics. Digital images were
acquired in the laboratory using a flatbed scanik&hes were narcotized with clove oil,
following the protocol of Munday and Wilson (199)d scanned on an EPSON Perfection V30
flatbed scanner using a 3200 dpi resolution, foilhgathe protocol of the Herler et al. (2007)
Standard length and body depth were measured onlateeal scans, whereas 3 linear
measurements (head width (Hw), greatest head wglthw) and greatest body width (gBw))
were directly measured on the narcotised fisheh witligital caliper to the closest 0.01 mm.
After scanning and taking measurements, fishes wecevered in aerated sea-water and

released back to the reef.
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3. Coral morphology: colony size, architecture artdrbranch-distance

Altogether, 59 colonies of two coral speciégrpora digitifera (D); n = 31; plate 2) ané.
gemmifera (G); n = 28); plate 2), inhabited by 30 individualstwo species otobiodon (G.
histrio andG. rivulatus; plate 1) from the reef flat (RF) and the reef@dBE) were examined.
RF — D: ten colonies occupied with six individualsG. histrio and six ofG. rivulatus, nine
unoccupied colonies; G: seven colonies occupiel tei individuals ofs. histrio and one ofs.
rivulatus, ten unoccupied colonies. RE — D: seven colongesipied with five individuals of.
histrio and two ofG. rivulatus, five unoccupied colonies; G: eleven unoccupieldries were
examined. Maximum colony diameter was measureddalosest cm by using a reference ruler.
As proxies for coral branch architecture, two disiens of coral branches were measured.
Branch length (BL) of two adjacent branches wassuesl from the branch tip (represented by
the axial corallite) to the base (the deepest dm#tiveen two main branches) by using the depth
gauge of a plastic caliper. In addition, for thensawo branches, branch-tip distance (BTD) was
measured as the distance from the center of thed awrallite of one branch to that of the
adjacent branch. Both were measured to the closesfrom ten branch pairs per colony (figure
3).

coral colony

A

branch BTD  branch

Lt
A

A
IBD
—
BL BL

base

Fig. 3: Schematic illustration of measured distanoé coral colonies (length and width = maximum
colony length respectively width was measured &dlesest cm by using a reference ruler; BL = dnanc

length of two adjacent branches from the brancl{répresented by the axial corallite) to the bdke (
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deepest point between two main branches); BTD ndbrdip distance is the distance from the center of
the axial corallite of one branch to that of thgaadnt branch; IBD = interbranch-distance in 3.8 @&n

mmabove the base of two adjacent branches)

Most species of the gen@obiodon live in the innermost space of corals (Herler 2007
To measure the interbranch-distance (IBD) closéramch bases, a new and non-destructive
measurement technigue was developed and performétedwo coral species. digitifera and
A. gemmifera (figure 3). Custom-made forceps (anatomic forcBpdl with a grooved jaw-
profile) of two different lengths (145 and 300 mwgre grinded over most of their length prior
to their use in the field to facilitate insertioptiveen even narrowly spaced coral branches. A
two component epoxy resin (Reef Construct ™, Aquedid GmbH) was mixed with plastic
gloves at the study site immediately before divihgis epoxy was then used to create casts of
coral branch bases. A cylindrical piece of epoxppfaximately 3 cm long and 0.5 cm wide) was
inserted into the coral by using the forceps anesggd against the base of two adjacent
branches. Every piece of epoxy, before usage, wasasljusted by hand to assure that it will fill
the corals IBD to a minimum height of 1.5 cm. Thests were carefully removed from the
interbranch-spaces and stored in small, subdivatetl numbered plastic boxes to secure their
shape and order. The casts hardened within 2 rendsvere then measured in the laboratory
with a digital caliper. Cast width was measurethat fixed heights (3.5 mm and 7 mm from the
base) with a digital caliper to the closest 0.01.mirese heights were chosen based on the mean
of the half anterior body height of juvenile anduid>obiodon species, considered as the height
of maximum fish body width (Herler, unpublished a)aand tested for correlation with each
other. The grooved jaw-profile on the cast was wlsédr re-establishing a similar holding
position (approximately perpendicular to the meagueaxis of the IBD) as when the cast was
taken in the field. Tiny imprints of radial corédls of the two coral branches in the cast also

helped in finding the correct measuring position.
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4. Statistical analysis

4.1 Body shape variation within the gersisbiodon

A PCA of proportional (in % SL) traditional morphetnic (TM) distances was performed to test
for the most important distances and further tingt 8ix principal component scores (limit of
explained variance: > 3%)(Mitteroecker and Gunz Q0@ere adducted for a multigroup
discriminant analysis (test for the equality of theans) respectively a one-way multivariate
analysis of variance (MANOVA)(Tabachnick and Fid&di01; Mitteroecker and Gunz 2009).

Furthermore, a PCA was carried out on Procrustepesitoordinates (GM) with the
program tpsrelw 1.49 (Rohlf 2010) and visualizedtigh a scatter-plot with the program PAST
2.03. In the next step, the tps-file was procesa#id the program CoordGen6h (Sheets 2009) to
visualize the Procrustes superimposition coords@®ohlf 1999). The coordinates were saved
in a file that was processed with PCAGen6p (Sh2@es) to visualize PC scatter-plots and thin-
plate-spline deformation grids and vectors for e&h (Bookstein 1989). Additionally, a
MANOVA (Tabachnick and Fidell 2001) was performed the first eight principal component
scores of the PCA (limit of explained variance >)@Wtteroecker and Gunz 2009) with the
program PAST 2.03 .

4.2 Shape studies of live and preserved fish efcsedl species

After a PCA on traditional width values (gBw, gHwdhw) and geometric morphometric data
(dataset B) ofG. histrio (n = 47) andG. rivulatus (n = 27), the first PC-scores of both
morphometric approaches were taken for a two-waglyais of variance (ANOVA)(Miller
1986). This test shall reveal differences betwe@i Bf live and preserved specimens and
searches for possible conservation artefacts.

Moreover, a MANOVA (Tabachnick and Fidell 2001) tre first three PC-scores of
traditional width measurements and on the first B&-scores of Procrustes coordinates were
performed (limit of explained variance > 3% in boiith the program PAST 2.03 (Hammer et
al. 2001) to see if there are morphological diffiees between two species@bbiodon in two
different conditions (live and preserved)
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Selected TM distances (SL and body depth at tméralefin origin (Vd) and SL and
greatest head width (gHw)) of live and preservedcspens ofG. histrio (n = 47) andG.
rivulatus (n = 27) were used for a one-way analysis of cavene (ANCOVA)(Tabachnick and
Fidell 2001) to test allometric differences betwéaese two species.

4.3 Coral morphology and relation between hostlcord fish shape

A Wilcoxon-Mann-Whitney-Test was performed betweecupied and unoccupied colonies for
their colony size, BL, BTD, IBD at 3.5 mm and 7 nmmaight with the program PAST 2.03
(Hammer et al. 2001) to find potential significatifferences in the shape of occupied and
unoccupied colonies. It is a non-parametric siatikhypothesis test for assessing whether two
independent samples of observations have equalle lsalues (Wilcoxon 1945; Mann and
Whitney 1947). To compare coral measurement datacofipied and unoccupied colonies a
PCA of colonies occupied b$. histrio andG. rivulatus specimens was done with the program
PAST 2.03 (Hammer et al. 2001).

To find the coral parameters which are most ingurfor goby occupation through a
multivariate analysis, a logistic regression wadgsmed on BL, BTD, IBD (at 3.5 and 7 mm
height) and mean colony diameter (arithmetic meamaximum colony length and width) of
occupied and unoccupied colonies Afdigitifera and A. gemmifera from two different reef
zones (reef flat and reef edge) with the prograrl8$&R7.0 (Nie et al. 1970) to describe the
relationship between independent variables (e.gal comeasurements) and binary response
variables, expressed as a probability, that hay omb values, such as coral occupation
(occupied or unoccupied: 0 or 1).

To find relationships between the shape of fishes that of host corals two separate
two-block partial least squares (2B-PLS) analySianjpson et al. 1989; Streissguth et al. 1993)
was performed on logarithmic as well as on norredli&-transformed) measurements of corals
(BL, BTD and IBD (at 3.5 and 7 mm height) and mealony diameter) and fishes (traditionally
measured distances of gBw, gHw, Hw, SL and Vd) whin program PAST 2.03 (Hammer et al.
2001). The 2B-PLS is an ordination method like P8dt with the objective to maximize
covariance between two different sets of variable#his case fish and coral morphometric data.
The algorithm of the 2B-PLS of the program PAST3Xdllows Rohlf & Corti (2000).
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Results

1. Body shape variation of seven specieGasiodon

1.1 Traditional morphometrics

Examination of 132 preservéabbiodon specimens showed species-specific shapes. In aodPCA
body proportions (in % SL), PC 1, 2 and 3 accouritedabout 60 % of all shape variation
(figure 4). According to the loadings of variablesto the first three PCs (figure 4), mainly 3
distances (gBw, Vd and V/AN) were important for gpe separation. Plotting PC 1 against PC
2, specimens cluster according to species althamagleral species overlap to varying extent
(figure 4). Regressions of the three head and badih measurements (gBw, gHw and Hw; in
% SL) against each other were all highly significable 3) in three datasets (1: n = 18 (
citrinus (n = 13),G. histrio (n = 26),G. reticulatus (n = 25),G. rivulatus (n = 18),G. sp.1 (n =
20), G. sp.2 (n = 13) ané. sp.3 (n = 17)); 2: n = 443 histrio (n = 26)andG. rivulatus (n =
18)), and 3: n = 30Q. histrio (n = 21)andG. rivulatus (n = 9)).
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Fig. 4: Scatter-plots and loadings (principal comgrats 1 to 3) of a PCA on traditional morphometric
measurements (15 body proportions) of seven spe€i@obiodon (n = 132;G. citrinus (n = 13),G.
histrio (n = 26),G. reticulatus (n = 25),G. rivulatus (n = 18),G. sp.1 (n = 20)G. sp.2 (n = 13) ané.
sp.3 (n =17)).
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Table 3: List of F-Test results (R2-values; *** =vplue < 0.001) of regressions of three selected
traditional morphometric variables (gHw, gBw and ;Hw %SL) against each other, and of logarithmic
centroid size (log CS) against logarithmic SL frahmee different datasets: A: n = 132 preserved
specimensG. citrinus (n = 13),G. histrio (n = 26),G. reticulatus (n = 25),G. rivulatus (n = 18),G. sp.1

(n =20),G. sp.2 (n = 13) an@. sp.3 (n = 17)); B: n = 44 preserved specim&distrio (n = 26)andG.
rivulatus (n = 18)), and C: n = 30 live specime fistrio (n = 21)andG. rivulatus (n = 9)).

dataset gHw:gBw gHw:Hw gBw:Hwlog CS:log SL
A Rz  0.31*** 0.81 *** 0.34 *** 0.83 ***
B Rz 0.43 *** 0.77 *** 0.40 *** 0.82 ***
C Rz 0.61 *** 0.73 *** 0.82 *** 0.99 ***

A MANOVA (Hotelling’s pairwise comparisons, Bonferi corrected; table 4) on PC-scores of
traditional measurements and on Procrustes shapelicates showed significant differences
between most pairs of species, except for the gairgticulatusG. sp.1,G. rivulatugG. sp.1
andG. sp.26G. sp.3.

Table 4: P-values of MANOVA (Hotelling’s pairwisemparisons, Bonferroni corrected) of TM-data
(above diagonal) and GM-data (below diagonal).dsecof TM, the scores of the first eight, in cake o
GM, the scores of the first six principal comporsanere used (chosen limit: explained variance o&PC
3%) of seven species @obiodon (n = 132;G. histrio (n = 26),G. reticulatus (n = 25),G. rivulatus (n =
18),G. sp.1 (n = 20)G. sp.2 (n = 13)(. sp.3 (n = 17) ané. citrinus (n = 13)). n.s. = not significant.

His Ret Riv Sp.1 Sp.2 Sp.3 Cit
His <0.001 <0.001 <0.001 <0.001 <0.001 <0.00
Ret < 0.001 < 0.05 n.s. <0.001 <0.001 <0.001
Riv <0.001 <0.001 n.s. <0.001 <0.001 < 0.001
Sp.1 <0.001 <0.01 n.s. <0.001 <0.001 <0.01
Sp.2 <0.001 <0.001 <0.01 < 0.001 n.s. <0.01
Sp.3 <0.001 <0.001 < 0.001 <0.001 n.s. <0.001

Cit < 0.001 <0.01 <0.001 < 0.001 <0.001 <0.001

1.2 Geometric morphometrics

A PCA of Procrustes shape coordinates of presespedimens of seven speciesGubiodon

showed species-specific clusters but with variabierlap in several clusters (figure 5).
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Fig. 5: Scatter-plots and deformation grids of finst three principal components of Procrustes shap
coordinates (15 landmarks) of seven specieGaliodon (n = 132;G. citrinus (n = 13),G. histrio (n =
26), G. reticulatus (n = 25),G. rivulatus (n = 18),G. sp.1 (n = 20)G. sp.2 (n = 13) an. sp.3 (n = 17)).
Deformation grids visualize shape deformations ketwtwo reference shapes along the corresponding
principal component axis. Axis ranges between thefence shapes are indicated below each grid.

As the deformation grid implies, specimens at tegative end of PC 1 (e.Gobiodon citrinus)
have depressed bodies. Moreover, the mouth isigosd more dorsally. At the positive end of
PC 1, deep-bodied forms likg. histrio and some specimens @f reticulatus, G. sp.1 andG.
sp.3 are clustering (figure 5). Intermediate formeng PC 1 are represented Gyreticulatus,
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G. rivulatus andG. sp.1. These, on the other hand, are forming theterat the negative end of
the PC 2, which indicates a compression in thegpaktegion. The opposite end of PC 2,
indicating an extension of the abdominal region arsthear between the upper pectoral base and
the dorsal fin origin, is dominated by the clustdrG. sp.2 and the majority ofs. sp.3
individuals (figure 5). The deformation grid of PECshows a dorso-ventral body extension,
particularly obvious in the abdominal regidd. sp.2 clusters at its negative end and individuals
of G. citrinus and G. histrio cluster at the positive end of PC 3. When plottgdirasst PC 2,
species separation is low with the exceptiorsosp.2 and G. sp.3, which are distant from the
others although they overlap with each other toesertent.

Log CS was significantly positively correlated witbg SL in dataset A (table 3).
Moreover, regressions of PC 1 of Procrustes shapedimates against log CS and log SL
showed significant correlations in all datasetbl@e). MANOVA results (Hotelling’s pairwise
comparisons, Bonferroni corrected) revealed sigaift differences between most pairs of
species, except those Gf sp.16G. rivulatus and G. sp.2G. sp.3 (table 4). Regressions of PC 1
and 3 of Procrustes shape coordinates against(legeCS and SL) and two transversal body
measurements (Hw and gHw; in % SL) showed postoreelations among the dataset (A) of all

sevenGobiodon species (table 5).

Table 5: F-Test results (R?-values; * = p < 0.057* < 0.01, ** = p < 0.001, not significant =1) of
regressions of the first two respectively threeng@pal components of Procrustes shape coordinates
against five different values (log Cs, log SL, gHyBw and Hw) from three different datasets: A: n =
132, G. citrinus (n = 13),G. histrio (n = 26),G. reticulatus (n = 25),G. rivulatus (n = 18),G. sp.1 (n =
20),G. sp.2 (n = 13) anc. sp.3 (n = 17)); B: n = 44 (preserved histrio (n = 26)andG. rivulatus (n =

18)); and C: n = 30 (livé&. histrio (n = 21)and G. rivulatus (n = 9)). + = positive and - = negative

correlation.
Log CS Log SL  gHw(%SL) gBw(%SL) Hw(%SL)
dataset A
PC1 +0.06 ** +0.09 *** +0.05 ** +0.02 n.s.  +0.09 ***
PC?2 -0.00 n.s. -0.00 n.s. -0.01 n.s. +0.00 n.s. -0.81 n
PC3 +0.21 ***  +0.16 ***  +0.10 *** +0.08 ** +0.15 ***
dataset B
PC1 +0.37 ***  +0.35 *** +0.17 ** +0.10 * +0.15*
PC 2 +0.17 ** -0.18 ** -0.10* -0.02 n.s. -0.16 **
dataset C

PC1 +0.59 ***  +0.57 ***  +0.38 ***  +0.43 ***  4+(0.49 ***
PC 2 +0.09 n.s. -0.11 n.s. -0.06 n.s. -0.01 n.s. -0.62 n
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2. Morphology of selected speci&aopiodon histrio andG. rivulatus)

Body shapes ofG. histrio and G. rivulatus differed significantly (table 6). Traditional
morphometric values revealed tl@ibiodon histrio is more deep-bodied (about 30% higher Vd)
at similar body width-values (only 7% higher gHwahd is thus much more compressed tGan
rivulatus. Log CS was significantly positively correlatedthviog SL in dataset B and C (table
3).

Regressions of PC 1- and PC 2-scores of Procrisstege coordinates of preserved
specimens o6. histrio (n = 26) andG. rivulatus (n = 18) on size and body width measurements
were all significant, except of PC 2 against gBabl¢ 5). In live specimens @. histrio (n =
21) andG. rivulatus (n = 9) only regressions of PC 1 against sizewaidth measurements were
highly significant, whereas PC 2 and 3 showed rroetations (table 5).

Principal component analysis of body width measems did not reveal a distinct
separation between the two species, but therelsaa shift of preserved specimens along PC 1
in both species. In contrast, PC 2 collects ontyaspecific variation (figure 5). In GM, PC 1
also separates live from preserved specimens, ahdrath PC 1 and 2 contribute to a distinct
species separation.

A two-way ANOVA for G. histrio and G. rivulatus in two conditions (live and
preserved) on the scores of PC 1 of head and badiy vineasurements (see also figure 6a)
showed significant differences across each ofwefactors (sum of squares for species: 156.6,
p < 0.001; sum of squares for condition: 130.4,(aB01) but no significant interaction between
them (sum of squares: 3.3, p = 0.073).

Similarly, two-way ANOVA of these two species ihet two different conditions
performed on the scores of PC 1 of Procrustes sbapalinates (see also figure 6b) yielded
significant differences across each of the twodiac{species: sum of squares: 0.011, p < 0.001;
condition: sum of squares: 0.017, p < 0.001) butantrast to TM-data, the interaction was also
significant between them (sum of squares: 0.00G70[5).

Two MANOVAs were carried out to test significantffdrences between live and
preservedG. histrio and G. rivulatus (n = 74; Hotelling’s pairwise comparisons, Bonéerir
corrected; table 6). While MANOVA on PC-scores ofodtustes coordinates revealed
significant differences between all groups, MANOW PC-scores of traditional width
measurements showed significant differences betweest groups, except for the pairs of

preserved/lives. rivulatus and preserve@®. histrio/live G. rivulatus.
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Table 6: P-values of MANOVA (Hotelling’s pairwisemparisons, Bonferroni corrected) of TM-data

(above diagonal) and GM-data (below diagonal).daecof TM, the scores of the first three, in cdse o

GM, the scores of the first seven principal compasievere used (chosen limit: explained variance©f
> 3%) of Gobiodon histrio (His) and G. rivulatus (Riv) (n = 74, His_live (n = 21), Riv_live (n =9)
His_preserved (n = 26) and Riv_preserved (n = d8)k analysed. n.s. = not significant.

His_live Riv_live His_preserved Riv_preserved
His_live <0.001 < 0.001 <0.001
Riv_live < 0.001 n.s. n.s.
His_preserved <0.001 <0.001 <0.001
Riv_preserved < 0.001 <0.001 <0.001
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Fig. 6: Scatter-plot and loadings respectively defition grids of the first two principal componenfs
(a) three traditional head and body width measungsnéabbreviations are listed in table 1) and (b)
Procrustes coordinates of 15 landmarksGotistrio (n = 47) andG. rivulatus (n = 27). Deformation
grids visualize shape deformations between tworeaefee shapes along the corresponding principal

component axis. Axis ranges between these refesdragges are indicated below each grid.
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To reveal differences in allometric growth of bodgpth and width between the two
species, a one-way ANCOVA was performed for bodptligVd) and greatest head width
(gHw) across standard length (SL) on preservedisees ofG. histrio andG. rivulatus (figure
7). It revealed high between-group-effects andiBggmt F-test results for both measurements
but with higher significance for Vd (sum of squar@sl6l, p < 0.001) than for gHw (sum of
squares: 0.006; p < 0.05). Vd showed a signifigamtjher mean ire. histrio (n = 26, mean Vd
=1.17 cm £ 0.24 S.D.) than @. rivulatus (n = 18, 0.84 cm + 0.07; one way ANCOVA: p <
0.001). In contrast, mean gHw was not significaulifyerent betweerG. histrio (n = 26, 0.46
cm x 0.06) andG. rivulatus (n = 18, 0.43 cm £ 0.03; one way ANCOVA: p = 0.p5though
SL was significantly higher (p < 0.001) @. histrio. One-way ANCOVA also tested for the
equality of regression slopes, which was signifilyadifferent only for VVd (p < 0.01) but not for
gHw (p = 0.76) against SL.
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Fig. 7: Regressions of (a) body depth at ventrabfigin (Vd) and (b) greatest head width (gHw)iaga
standard length (SL) in preserv&dhistrio (n = 26) ands. rivulatus (n = 18) specimens.
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3. Coral colony size and architecture, and relatoofish shape

Mean colony size (figure 8a) of all occupied cokmwas larger (mean 2023 cm?2 £ 1271.5 S.D.)
than those of unoccupied colonies (1907.3 cm? 813)3Mean branch length (figure 8b) of all
occupied colonies was greater (5.97 cm + 1.06) thamoccupied colonies (4.76 cm = 1.28),
whereas mean branch tip distance (BTD) of occupm@dnies (1.91 cm + 0.56) was slightly
smaller than in unoccupied (2.04 cm £ 0.57) colsr(iigure 8c). Interbranch-distance (IBD)
measurements at 3.5 and 7 mm height were signifjcaorrelated with each other in both
occupied colonies (R2 = 0.7914, p < 0.001) and anped colonies (R? = 0.8161, p < 0.001).
Therefore, only the values at 7 mm height (reprsgrihe assumed constraint for adult fishes)
were used for test statistics. Mean IBD at 7 mnglhiejfigure 8d) of all occupied colonies (0.78

cm + 0.06) was greater than in unoccupied coloftie& cm = 0.12).
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Fig. 8: Two different occupied (n = 24) and unodedp(n = 35) coral specieddropora digitifera (D)
and A. gemmifera (G)) were measured at two different reef zonesef flat (RF) and reef edge (RE).
Measurements include total colony area (a), braeeth (BL) (b), branch tip distance (BTD) (c) and

interbranch-distance (IBD) at 7 mm height (d). \éd@re means and standard errors.
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Wilcoxon-Mann-Whitney-Tests showed significant diffnces between occupied (n = 21) and
unoccupied (n = 33) colonies for colony size (p.€5), BL (p < 0.001) and IBD (at 7 mm
height; p < 0.05), but nor for BTD.

A PCA of BL, BTD, and IBD (at 3.5 and 7 mm heiglof) all colonies showed a good
separation ofA. digitifera from A. gemmifera along PC 2, whereas occupied and unoccupied
colonies were (with one exception) separated aP@dl (figure 9). Decisive for PC 1 was BL,
whereas BTD was most important for the separationgaPC 2.

3 -2
= 3 PC 1
DEU 1 \DEO  (84.9 %)
PC2 DFO
21 (13.9 %)
_ 0.8  08-
0.6- 0.6-
g 04 g 04
w 0.2 w 0.2
87 0 8) 0 -  ——
5-0.2- T 021
5-0.4 S -0.4
—0.6- — -0.6-
0.8- 0.8
-1 ) -1 )
2 8 6 2 8 5 o
D o O m © o O m
a - a -

Fig. 9: Scatter-plot and loadings of principal cament 1 and 2 of a PCA of BL, BTD and IBD at 3.5

mm at 7 mm height foA. digitifera (D) andA. gemmifera (G) from the reef flat (F) respectively reef
edge (E) of occupied (O) and unoccupied (U) conie

When fish morphometrics are compared to measuras fcorals, mean gHw of
Gobiodon histrio specimens is 52% of the mean IBD of their hostalsoand there was a
significant correlation between these variables (p05; figure 10).
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Fig. 10: Measurements of fishes and corals fronupiet! colonies Acropora digitifera (D) and A.
gemmifera (G) from two reef zones (reef flat (RF) and reéfie (RE)). Interbranch-distance (IBD) and
greatest head width (gHw) of associat&distrio specimens are plotted against (a) and correlaigd w

(b) each other. Values (in a) are means and stdredleors.

Logistic regression of BL, BTD and IBD (at 3.5 mmidht and 7 mm height) and mean colony
diameter values of occupied versus unoccupied £oealealed that BL was the only variable
with a significant (p < 0.01) effect on the occupatof gobies.

Two-block partial least squares analyses (Rohlf @udti 2000) of both logarithmic
(explained covariance: axis 1: 97%; axis 2: 2.6% aormalised (axis 1: 95.9%; axis 2: 3.4%)
coral and fish measurements showed significanetairons (p < 0.01) only between BTD and

SL respectively Vd.
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Discussion

1. Body shape variation within the gertegbiodon

Significant size and shape differences were foumsbray seven species of coral-associated
gobies of the genuSobiodon from the Red Sea. Mainly three traditionally meadudistances
were decisive for the separation of the speéebiodon histrio andG. sp.3 represent the largest
species among the seven species examined, altf®uglrinus can grow significantly larger
(Herler and Hilgers 2005). However, such large spens of the latter species were not
included in this study since they do not dwell timited interbranch area of corals but prefer
other microhabitats (Herler 2007¥0biodon histrio and G. sp.3 are highly specialized,
breeding-pair establishing and strongly coral-cgtbound species, with the most compress
body forms, in contrast t&. citrinus, which is the most depress form. Furth€r, citrinus
prefers large and open colonies and moves betwesls¢ sitting on top of their branches
frequently, and showing no strong linkage to alsimglony or their interbranch-space like other
species ofsobiodon do. As revealed by a multivariate geometric morpatiic shape analysis,
the dorso-lateral expansion of the body and thdopalcfin base compression are the most
important discrimination features between the sesgmties. This indicates adaptations to a life
between branches of different coral species. Theatgdorso-lateral body appearance is
considered to be important during turf wars (Munddyal. 2001) and this body extension
appears to be limited through branch length, wigcessential to provide shelter. The pectoral
fin base compression suggests an adaptation idotteemotion-system to keep moving fast
between branches or nearby colonies (Webb 1984sé hdaptations are often at the expense of
other abilities like swimming fast in the open watelumn. Both discrimination features show
the selective pressure on the seven specie§obfodon that were carried out by corals.
Gobiodon citrinus has a rather cylindrical form and appears more &ktrue swimmer which
moves more frequently between colonies (Herler 208d, particularly contrastin@. histrio,
represents a more extreme body form within thesersespeciesGobiodon rivulatus, G.
reticulatus and G. sp.2 evolved intermediate body shapes comparddetother species. Their
great shape overlap can, on the one hand, be e&ghaith the great range of host corals these
species occupy and their therefore relatively uagised body shapes. On the other hand, these
species are close relatives (Herler et al. 2009¢hwalso suggests the presence of a phylogenetic

constraint that species of the geragbiodon underlie while adapting to corals of the genus
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Acropora during their evolutionary history (Hedrick and Tdes 1989; Herler et al. 2010).
Among these seven species@ibiodon they represent generalists. In contr&tsp.2 and G.
sp.3 occupy only one coral species each (Dirnw@iner Herler 2007)Gobiodon sp.1 andG.
sp.3 are similar in their size ranges but, as edehy GM-analysis (PC 2), the anal fin base
appears more compresseddnsp.3 than in G. spl. A phylogenetic constraintid¢@xplain the
different number of fin spines which influence theal fin base length. However, also a
homology problem with landmark number nine at tlsterior insertion of the anal fin could
explain this deviation (Herler et al. 2010).

The comparison of two morphological approaches dificmal and geometric
morphometrics) on the same 132 individuals of sespaTies ofsobiodon showed that TM is
the less precise technique. In multivariate geametorphometrics, species clusters are smaller
and more defined but rotated by 90 degrees comparé’s. This swap of axes does not alter
the relative position of species against each othgust shows that the set of TM-distances is
probably not big enough and that perhaps some itaupodistances are missing, such as those
describing the mouth position, which was importantdefining the PC 1 of GM-data. After the
consideration of all pros and contras, TM is mareetconsuming and yields less defined results
compared to an analysis of landmark data. Furtigegmetric morphometric tools like
deformation grids visualize body shape changestlamavay body proportions change from one
to the other end of the corresponding axis, whichkes interpretations much easier. The
opportunity to extrapolate such differences to ioetshe true data even allows the visualization

of very subtle differences.

2. Morphology of selected speci&sopiodon histrio andG. rivulatus)

Body width measurements &. histrio and G. rivulatus imply that the greatest head width is
more important for the separation of species thadybwidth. It is also important for the
determination of conservation artefacts underlibgdPCA. The greatest head width Gf
rivulatus specimens is increasing faster but not signifigaduring growth compared t.
histrio, and it is the opposite with body depth. Highlyretated SL respectively CS with PC 1
of Procrustes shape coordinates underlines thertarpze of allometry in this relation.

In contrast, body width is related to and limiteg jphysical habitat constraints, i.e.

interbranch-space. To gain a competitive advantagaigh a large lateral body display, it is
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therefore necessary to have a relatively narrovd ire@ombination with a deep body to grow as
large as possible in the restricted interbrancleespa

Geometric morphometric results, whether of preskena live specimens, are
significantly different when compared to traditibmadth measurements. Further, all preserved
specimens show a slight displacement of the vemtsartion of the pelvic fin from anterior to
posterior. This local deformation also bends thedhewards the abdomen. A contraction of the
abdomen suggests that soft body parts shrink naire muscles do, when preserved in alcohol.
Additionally, traditional morphometric results segt significant difference between live and
preserved specimens only@ histrio but not inG. rivulatus. The difference results from larger
head and body width measurements in preservedmspesi This is very likely caused by
different biases of measurements of hardened aswmpressible preserved fishes versus soft
and compressible live fishes. However, a distinffecence is visible in both morphometric
methods between live and preserved fish, which estgghat live and dead specimens must not

be pooled for comparative datasets.

3. Coral morphology and its influence on fish shape

Occupied colonies at the reef edge were signifigdatger in size than unoccupied ones — this
is in accordance with a previous study in the seagen (Schiemer et al. 2009). The preference
of large-sized colonies over small-sized coralsrseeeasonable because a larger shelter and
breeding ground, combined with a greater food resguare ideal conditions for occupation.
Occupied colonies also had significantly longeanohes. This is expected to offer
effective shelter from predators and that gobiesfegorlong-branched colonies over short-
branched to reduce predation risk. Revealed haee,ntost important feature for separating
occupied and unoccupied colonies was branch lehgtiistic regression analysis showed that
BL was the only relevant factor for occupation mbs. This indicates that providing shelter
from predators through long branches is more ingmbrthan variation in IBD, BTD or mean
colony diameter. Branch length differences in otedpand unoccupied colonies AEropora
gemmifera from the reef flat, irA. digitifera from the reef edge and in unoccupfdemmifera
from the reef edge indicate that colonies with BI5 €m are generally unoccupied. Colonies
with characteristics like these are obviously natehabited because they either do not provide
efficient shelter for associated fishes againstigi@s so that settling fish will be soon removed,

or fish in general avoid these unsuitable habiatsng habitat selection. As a consequence, the
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small sized and short-branchad opora gemmifera colonies at the reef edge were not occupied
by gobies at all. Therefore, physical stress oralcarchitecture through wave movement, and
corresponding shaping of colonies, appears to beeaant factor for occupation. In addition,
fishes may in general avoid zones with high hydnaolgic stress (Munday et al. 1997) although
Acropora digitifera colonies in the same zone, representing prefersisfyped colonies, were
frequently occupied by gobies. Interestingly, sal/@cropora digitifera on the reef flat, which
seem to be inhabitable from their morphometric abtars, were unoccupied. Previous studies
report occupation rates of approximately 80 % ammettpin species ddcropora (Patton 1994,
Munday and Jones 1998; Dirnwdber 2005; Dirnwobel Herler 2007) concluding an inverse
relationship between coral abundance and occupsdies ofGobiodon spp. for each reef zone.
Schiemer (2007) found the highest fish densitiethatreef flat withG. histrio occupying and
further the highest occupation rate for goby bregghairs with 41.1 % iA. digitifera. The most
likely explanation for the emptiness of basicallyitable corals is that such colonies were
unoccupied just at the time of investigation andeasctually waiting for occupation.

Another important coral characteristic is brangh distance (BTD), which differs
between coral species. The two-block partial |sagtares analyses of occupied colonies and
corresponding fish morphometics revealed a conmedietween BTD and length respectively
body depth of fishes This suggests that BTD govéisis size in a way that colonies with a
higher BTD offer a better habitat for larger fishesich require more space between branches.
In this relation, it seems reasonable that coratigs likeA. gemmifera with their greater BTD
thanA. digitifera are inhabited by larger species and specimenghéfunore, BTD separatés
digitifera from A. gemmifera except for occupied colonies @&f digitifera from the reef flat
(DFO), which are, at least partly, more similaromcupied colonies of. gemmifera from the
reef flat (GFO). These two groups of corals offethbgood conditions for occupation through
their similar architecture. It seems that fish #fiere also decide on the colony structure and not
on the coral species alone whether they settletstaypt. There was a high range of BTD of the
long-branched colonies &. digitifera at the reef flat, which provide habitat for a gesesize
spectrum of gobies.

In this relation described a linkage between piedaand competition. In our study this
would mean that gobies choose long-branched cadowigh a BTD matching their body
size/body depth to reduce predation risk. A smadlybwidth, in combination with a higher body
depth to maintain body volume seems to be favouléwk latter also increases the lateral
appearance, which is expected to enhance the rahknwhe competitive hierarchy among

coral-dwelling gobies.
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The examination of interbranch-distances (IBD) ami height above branch base
showed that 0.7 cm is the minimum for occupationgbpies. Colonies with IBD below this
limit are usually not occupied by adult fishes. TB® can be recognized as a “filter” for fish
size (and shape) through its restriction of thegst body width, or, as is the case in the genus
Gobiodon, greatest head width. Greatest head widtGalfiodon histrio is increasing slower and
this species develops a higher head and body asaime body length when comparedGo
rivulatus. The morphological difference of having a narrosath and body coupled with a high
back givesG. histrio an interspecific advantage during turf wars, siitde assumed that the
(larger) lateral body area displayed during turfrsves more important for territorial fish than
total body length (Munday et al. 2001; Collyer €t2005). Therefore, the larg&. histrio is
more successful tha@. rivulatus (or other species) when competing for the samal€oA
higher body depth does not only result in compatiinteractions but it may also represent a
functional constraint. A body which is decreasingnidth needs to become higher to retain its
volume, which may be crucial for a constant bodgsralocation of abdominal organs.

Coral morphology plays a major role in habitat ctewrjty (Almany 2004a,b) and
according community structure of reef associatggmisms (Chabanet et al. 1996; Vytopil and
Willis 2001). Vytopil and Willis (2001) describedhat tightly branched coral species show a
greater abundance and species richness of epifaampared to open-branched species,
suggesting that protection afforded by complex tadbiis important in structuring coral
communities. They also showed that interbranchegamificantly affected the size détralia
crabs which are associated with different coralcigse This suggests that coral-associated
invertebrates as well as fishes select host caerding to interbranch-space and change hosts
as they grow larger. In this connection, Wall anerler (2008) showed the frequent habitat
change ofG. histrio individuals and this suggests that they migraténa their ideal breeding
coral.

The development of such body shape differencesrevasled betweeB. histrio andG.
rivulatus — despite the occupation of the same set of paties reveal that rather genetic
determination than phenotypic plasticity is resploles for their different growth patterns.
Several studies indicate that body shape in fiskerrelated with diet, foraging behaviour
(Trapani 2003) and eco-morphology, meaning, spesegsaration along morphological axes
appears to be related to microhabitat utilizatidhotta et al. 1995). Further, an optimal
swimming performance within decreasing space ancong branches with increasing body size
is only possible through allometric body growthadeng to a compress shape with a higher

lateral display. Such adaptations prove the stewaogical selection for fish body shape with
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respect to coral geometry and display the closgphaogical match and abiding relationship of

the two partners, coral and fish.

Acknowledgements

| would like to thank Dr. Moustafa Fouda (NSC/EEA&)d Mr. Ayman Mabrouk for research
permissions and Dr. Magdy El-Awany (Suez Canal ©rsity, Egypt) for his co-operation. The
Dahab Marine Research Center (DMRC) for giving m&&king place in the laboratory and the
Dive in for their friendly support during field work. Thistudy was supported by the
International Relations Office of the University\denna (IRO).

32



References

Almany GR (2004a) Differential effects of habitainaplexity, predators and competitors on
abundance of juvenile and adult coral reef fiskEcologia 141:105-113

Almany GR (2004b) Does increased habitat complexitiice predation and competition in
coral reef fish assemblages? Oikos 106:275-284

Beukers JS, Jones GP (1998) Habitat complexity fiesdine impact of piscivores on a coral
reef fish population. Oecologia 114:50-59

Bookstein FL (1989) Principal warps: thin-plateisps and the decomposition of deformations.
Transactions on Pattern Analysis and Machine igtaiice 11 567-585

Bookstein FL (1997) Landmark methods for forms withlandmarks: morphometrics of group
differences in outline shape. Medical Image AnaysP25-243

Bradbury R, Young P (1981) The effects of a magocihg function, wave energy, on a coral
reef ecosystem. Marine Ecology - Progress Serg295241

Chabanet P, Ralambondrainy H, Amanieu M, Faure &zi®R (1996) Relationships between
coral reef substrata and fish. Coral Reefs 16:93-10

Collyer ML, Novak JM, Stockwell CA (2005) Morpholmgl divergence of native and recently
established populations of White Sands Pupfpiinodon tularosa). Copeia 1:1-11

Dirnwéber M (2005) Microhabitat choice of selectédbiodon species (Pisces: Gobiidae) in the
Gulf of Agaba, northern Red Sea. Master Ph.D. thésniversity of Vienna, pp 72

Dirnw6ber M, Herler J (2007) Microhabitat speciatibn and ecological consequences for coral
gobies of the genuSobiodon in the Gulf of Agaba, northern Red Sea. Marine &gyl
Progress Series 342:265-275

Doherty PJ, Sale PF (1986) Predation on juvenitalgeef fishes - an exclusion experiment.
Coral Reefs 4:225-234

Dryden I, Mardia K (1998) Statstical Shape Analy3ihn Wiley & Sons, New York, pp 23

Hammer @, Harper DAT, Ryan PD (2001) PAST: Palaglogical Statistics software package
for education and data analysis. Palaeontologietiieica 4:9

Hedrick AV, Temeles EJ (1989) The evolution of sexdimorphism in animals: hypotheses and
tests. Trends in Ecology and Evolution 4:136-138

Herler J (2007) Microhabitats and ecomorphologgafl- and coral rock-associated gobiid fish
(Teleostei: Gobiidae) in the northern Red Sea. MaEcology - An evolutionary
perspective 28:82-94

Herler J, Hilgers H (2005) A synopsis of coral adal-rock associated gobies (Pisces:

Gobiidae) in the Gulf of Agaba, northern Red Semaa Journal of Ichthyology and
Aquatic Biology 10:103-132

33



Herler J, Lipej L, Makovec T (2007) A simple tectne for digital imaging of live and
preserved small fish specimens. Cybium 31:39-44

Herler J, Koblmuller S, Sturmbauer C (2009) Phytwge relationships of coral-associated
gobies (Teleostei, Gobiidae) from the Red Sea baseditochondrial DNA data.
Marine Biology 156:725-739

Herler J, Kerschbaumer M, Mitteroecker P, Postturmbauer C (2010) Sexual dimorphism
and population divergence in the Lake Tanganyikhlid fish genudropheus. Frontiers
in Zoology 7:10

Hixon MA, Beets JP (1993) Predation, prey refugesl the structure of coral reef fish
assemblages. Ecological Monographs 63:77-101

Hobbs J-PA, Munday PL (2004) Intraspecific compatitcontrols spatial distribution and social
organisation of the coral-dwelling gok3obiodon histrio. Marine Ecology Progress
Series 278:253-259

Lassig BR (1981) Significance of the epidermalhigiotoxic secretion of coral-dwelling gobies.
Toxicon 19:729-735

Maderbacher M, Bauer C, Herler J, Postl L, Makas&turmbauer C (2008) Assessment of
traditional versus geometric morphometrics for dmtating populations of the
Tropheus moorii species complex (Teleostei: Cichlidae), a Lakegbawyika model for
allopatric speciation. Journal of Zoological Sys&tics and Evolutionary Research
46:153-161

Mann H, Whitney D (1947) On a Test of whether oh&wo Random Variables is
Stochastically Larger than the Other. The Annalslathematical Statistics 18:50-60

Miller PJ (1979) Adaptiveness and implications wiadl size in teleosts. Symposia of the
Zoological Society of London 44:263-306

Miller PJ (1996) The functional ecology of sma#ilii some opportunities and consequences. In:
Miller PJ (ed) Miniature vertebrates: the implicatiof small body size. The Zoological
Society of London, Oxford, pp 175-199

Miller RG, Jr. (1986) Beyond ANOVA, basics of amlistatistics. John Wiley and Sons, New
York, pp 317

Mitteroecker P, Gunz P (2009) Advances in geometacphometrics. Evolutionary Biology
36:235-247

Motta PJ, Clifton KB, Hernandez P, Eggold BT (19&8pmorphological correlates in ten
species of subtropical seagrass fishes: diet antbhmabitat utilization. Environmental
Biology of Fishes 44:37-60

Munday PL (2001) Fitness consequences of habieaand competition among coral-dwelling
fishes. Oecologia 128:585-593

Munday PL (2004) Habitat loss, resource speciatmatind extinction on coral reefs. Global
Change Biology 10:1642-1647

34



Munday PL, Wilson JB (1997) Comperative efficacyclmve oil and other chemicals in
anaesthetization dfomacentrus amboinesis, a coral reef fish. Journal of Fish Biology
51:931-938

Munday PL, Jones GP (1998) The ecological implaetiof small body size among coral-reef
fishes. Oceanography and Marine Biology: an AniR&tiew 36:373-411

Munday PL, Jones GP, Caley MJ (1997) Habitat spsataon and the distribution and
abundance of coral-dwelling gobies. Marine EcolBgggress Series 152:227-239

Munday PL, Jones GP, Caley MJ (2001) Interspecdimpetition and coexistence in a guild of
coral-dwelling fishes. Ecology 82:2177-2189

Nelson JS (2006) Fishes of the world. John Wiley &ans, Inc., Hoboken, pp 624

Nie N, Bent DH, Hull CH (1970) Statistical pack&ge the social sciences: SPSS. McGraw-
Hill, New York, pp 343

Patton WK (1994) Distribution and ecology of animassociated with branching corals
(Acropora spp.) from the Great Barrier Reef, Australia. Blille@f Marine Science
55:193-211

Roberts CM, Ormond RFG (1987) Habitat complexitgt anral reef fish diversity and
abundance on Red Sea fringing reefs. Marine EcaRyggress Series 41:1-8

Roberts CM, McClean CJ, Veron JEN, Hawkins JP,iABR, McAllister DE, Mittermeier CG,
Schueler FW, Spalding M, Wells F, Vynne C, WernBr(2002) Marine biodiversity
hotspots and conservation priorities for tropiesdfs. Science 295:1280-1284

Rohlf FJ, Corti M (2000) Use of two-block partiablst squares to study covariation in shape.
Systematic Biology 49:740-753

Rohlf JF (1999) Shape Statistics: Procrustes Supasitions and Tangent Spaces. Journal of
Classification 16:197-223

Rohlf JF (2009a) tpsDig, version 2.14. DepartmdriEanlogy and Evolution, State University
of New York at Stony Brook

Rohlf JF (2009b) tpsUtil, version 1.44. DepartmehEcology and Evolution, State University
of New York at Stony Brook

Rohlf JF (2010) tpsRelw, version 1.49. DepartmérEalogy and Evolution, State University
of New York at Stony Brook

Sampson PD, Streissguth AP, Barr HM, Booksteind8@) Neurobehavioral effects of prenatal
alcohol: part Il. Partial least squares analysesumdtoxicology and Teratology 11:477-
491

Schiemer L (2007) Effects of reef condition andattrealth on coral-associated gobiid fish
assemblages. MSc Thesis Ph.D. thesis, Universitfiestna, pp 53

35



Schiemer L, Niedermiller S, Herler J (2009) Théuemce of colony size and coral health on the
occupation of coral-associated gobies (Pisces:i@Gad). Coral Reefs 28:137-142

Sheets DH (2007) IMP:PCAGen6p, compiled 2/16/0@esh@canisius.edu. Copyright HD
Sheets

Sheets DH (2009) Coordgen6h, compiled 6/19/09,tst@eanisius.edu. Copyright HD Sheets

Streissguth AP, Bookstein F, Sampson PD, Barr H888) The enduring effects of prenatal
alcohol exposure on child development: birth thioegven years, a partial least squares
solution. Univ. Michigan Press, Ann Arbor pp 301

Tabachnick BG, Fidell LS (2001) Using multivariatatistics. California State University,
Northridge, pp 15

Trapani J (2003) Geometric morphometric analysisaafy-form variability inCichlasoma
minckleyi, the Cuatro Cienegas cichlid. Environmental Biglo§ Fishes 68:357-369

Veron JEN (2000) Corals of the World. Australiastitute of Marine Science, Townsville,
Australia, pp 1350

Vytopil E, Willis BL (2001) Epifaunal community stcture inAcropora spp. (Scleractinia) on
the Great Barrier Reef: implications of coral masjagy and habitat complexity. Coral
Reefs 20:281-288

Wall M, Herler J (2008) Postsettlement movementgoas and homing in a coral-associated
fish. Behavioral Ecology 20:87-95

Wallace CC (1999) Staghorn corals of the worlde\asion of the genu&cropora. CSIRO
Publishing, Collingwood, pp 472

Webb PW (1984) Body form, locomotion and foragingquatic vertebrates. American
Zoologist 24:107-120

Wilcoxon F (1945) Individual comparisons by rankimgthods. Biometrics Bulletin 1:80-83

36



Appendix

Plate 1: Pictures of live but narcotized and presergpecimens ofsobiodon histrio and G.
rivulatus. Live specimens were captured from measured amianies at the Napoleon Reef
next to Dahab. Preserved specimens were capturatgdandom swims at fringing reefs next

to Dahab, Egypt. Reference bars have 1 mm stepstq§aphs made by the author)

Gobiodon histrio (alive) Gobiodon histrio (preserved)

Gobiodon rivulatus (alive) Gobiodon rivulatus (preserved)
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Plate 2: Pictures ofAcropora digitifera andA. gemmifera found at fringing reefs around Dahab,
Egypt. Each photo was madesitu (by the author).

Acropora gemmifera Acropora gemmifera
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Zusammenfassung

Das Ziel meiner Arbeit war es zu evaluieren, ob Arehitektur zweier Steinkorallenarten
(Acropora digitifera und A. gemmifera) Auswirkungen auf die Morphologie zweier sie
besiedelnde KorallengrundelarteBopiodon histrio und G. rivulatus) hat. Zu diesem Zweck
wurde traditionelle und geometrische MorphometFigg.(2; Tabelle 1 und 2) an lebenden aber
betdubten Fischen angewandt sowie mehrere Paran@tgeweiligen Wirtskorallen (Fig. 8)
aufgenommen. Diese kleinen (< 5 cm Totallange) ioteR Meer vorkommenden Fische der
GattungGobiodon sind sehr stark mit ihren Wirtskorallen der Gagféwropora assoziiert und
sind im Astzwischenraum zu finden. Um einen Ubekbliiber die morphologischen
Unterschiede dieser sieben im Roten Meer vorkomere@adbiodon Arten zu erhalten, wurden
zusatzlich konservierte Fische mit denselben mar@ioschen Techniken bearbeitet (Fig. 1, 4
und 5). Die Daten dieser Studie wurden zwischenaAgfApril und Mitte Mai 2010 im
nordlichen Roten Meer in Dahab (28° 28" N, 34° F), Agypten aufgenommen. Der
Untersuchungsstandort war das Napoleonriff naheaDamd dort wurden zwei Korallenarten
(Acropora digitifera und A. gemmifera) vom Riffdach und der Riffkante hinsichtlich ihrer
Besiedlung durclGobiodon histrio und G. rivulatus beprobt. Es wurden sowohl besiedelte als
auch unbesiedelte Korallen vermessen um einen aohi@gli Zusammenhang zwischen der
Korallenarchitektur und Besiedelung zu finden. Beloes Augenmerk lag auf den
Astzwischenraumen, welche mit einer neuen Techngtmessen wurden. Ein schnell
aushartender Zweikomponenten-Epoxidharzkleber (R&mistruct ™, Aqua Medic GmbH)
wurde mithilfe von Pinzetten an die Basis der Kleraste gedriickt, um Abdricke des
Astzwischenraumes zu erhalten. Diese wurden aefdnid im Labor vermessen. Messdaten
konservierter und lebender Fische wurden anschict@@ateinander verglichen und weisen auf
ein Konservierungsartefakt hin. Es scheint so, &&sshe nach ihrer Alkoholkonservierung eine
Kompression im abdominalen Bereich erleiden (Fiyj. Alkoholkonservierung beeinflusst
offenbar die Deformation weicherer Teile (Organeys dAbdomens starker als jene von z.B.
Muskeln. Zuséatzlich wurden die Ergebnisse der vadeé&gn Techniken mit verschiedenen
mathematischen Verfahren und Programmen analysiettverglichen (Tabelle 3 bis 6). Der
Vergleich der morphometrischen Verfahren zeigt,sddse geometrische der traditionellen
Morphometrie generell vorzuziehen ist, da sie gera&rgebnisse in kiirzerer Zeit liefert.

Bei meinen Untersuchungen und Analysen bin ich3aBarameter in der Korallenmorphologie

gestol3en, die wesentlichen Einfluss auf Besiedelumt) Kérperform der Fische haben. Der
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erste wichtige Parameter ist die Astlange. Kolonle#ider Acropora-Arten wurden von
Meergrundeln nicht besiedelt, wenn sie eine As#amgpn weniger als 5 cm aufweisen.
Offensichtlich bieten Korallen mit dieser Eigensithg&orallengrundeln keinen ausreichenden
Schutz gegen Fressfeinde. Die Meergrundeln werdbderdentweder stets aus diesen Kolonien
gefressen oder sie vermeiden solche Korallen ginBrer zweite wichtige Parameter ist der
Astzwischenraum. Die zwebobiodon-Arten streben in ihrem Wachstum offensichtlicheein
maximale Schadelbreite, die der Halfte des Astzwaacaumes entspricht, an (Fig. 10a). Der
dritte Parameter zeigt eine positive Korrelation B€D mit der Korpergrole.

Weiters weisen die zwei Fischarten unterschiedlitachstumsmuster auf (Fig 7). Die
Schadelbreite voi®. rivulatus erhdht sich schneller mit zunehmender KorperlaaigebeiG.
histrio (Fig. 7b). Dessen Schadelbreite wachst im Verlsgltom Langenwachstum weniger
stark, aber dafir wirds. histrio hochrickiger. In weiterer Folge kamh histrio eine grofiere
Kdrperlange erreichen, da er spater das durch derwhschenraum vorgegebene Kopfbreiten-
Maximum erreicht. Dies verschafft ihm vermutlicimen Vorteil in Revierkampfen (Fig. 7a) und
versetzt ihn in einer auf Konkurrenz basierendersawenartlichen Rangordnung in eine hohe
Position.
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Department assistent

Hernstein InterndtMaaagement Institute
Stubenring 8-10, 1010 Vienna (Austria)

Education

16.April 2010 — 29.May 2010

Principal subjects/ occupationalData acquisition for the diploma thesis (Dahab, #Epy

skill covered

Dates

14 September 2009 - 26 September 2009

Principal subjects / occupationalMarine ecological special internship (Calvi, Cossikrance)

skills covered

Dates

03 July 2009 - 31 July 2009



Principal subjects / occupationalReaseach and preservation of sea turtles (Calikeyu

skills covered

Dates

skills covered

Dates

03 November 2007 - 17 November 2007
Principal subjects / occupationalCoral reef study trip (Dahab, Egypt)

02 July 2007 - 14 July 2007

Principal subjects / occupationalintroduction into the flora and fauna of marine itetls (Rovinj, Croatia)

skills covered

Dates

Principal subjects / occupationalNorth sea study trip (Sylt & Helgoland, Germany)

skills covered

Dates

05 May 2007 - 19 May 2007

01 July 2006 - 05 August 2006

Principal subjects / occupationalResearch and preservation of sea turtles (Calikely

skills covered

Per sonal skillsand
competences

Mother tongue(s

Other language(s

Self-assessmen
European level (*)

English

French

Social skills and competences

Computer skills and competenc

Other skills and competence
Driving licence(s)

Additional infor mation

German

t Under standing Speaking Writing
Listening Reading Spoken Spoken
interaction production
co Proficient co Proficient c1 Proficient c1 Proficien c1 Proficient
user user user t user user
A2 Basic Use A2 |Basic Use Al Basic Use Al I?Jass;(r: Al |Basic Use

(*) Common European Framework of Reference (CEF) level

es
- Good command of ARG GIS

- Soccer coach ity lketween 6 and 16 years

- Good commandiafigbft Office™ tools (Word, Excel and PowerPoint)

- Good knowledge of graphic design applicationsqia Illustrator).

S
A B

Relevant courses (completed):

- Advanced Open Waitear (AOWD)(PADI)

UE Meeresbiologische Laborarbeiten 1+ 2, VO Meesesshmutzung:
Meeresnutzung, VO Biologie rezenter Riffe, VO+SEBfihrung in die
Meereskunde, VO Biologie des marinen Plankton, M@n@dlagen der
aquatischen Okotoxikologie, VO Marine Symbiosen, M&ine
Lebensrdume im Gesteinsdinnschliff (Mikrofaziesgse),VO Fossile

aquatische Okosysteme - K&nozoische Scleractitémi®rallen bestimmen
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