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19

20 Abstract

21A total of 886 valves of the pearl oyster Pinctada were collected from 12 sites in Al-Ugair beach
223long the Saudi Arabian Gulf coast in January 2021 in order to document their taphonomic
23signatures. Thirteen ichnospecies of 5 ichnogenera were identified and illustrated. These traces
24were produced by clionid sponges (Entobia cretacea, E. ovula, E. geometrica, E. laquea, E.
25cateniformis, Entobia isp.), durophagous drillers (Oichnus paraboloides, O. ovalis, O. simplex,
26and Oichnus isp.), traces of vermetid gastropods (Renichnus isp.) polychaete annelids
27(Caulostrepsis isp.) and barnacle attachment scars (Anellusichnus circularis). The Pinctada
28shells act as hard substrate for colonization by serpulid worm, Spirorbis sp., bryozoans,
29barnacles, and other bivalves. Ichnogenus Oichnus was most abundant (53.73%), followed by
30Entobia (44.58%), Anellusichnus (0.51%), Caulostrepsis (0.34%), and Renichnus (0.84%). The
31thin-shelled and smooth skeletons of Pinctada were preferable for the abundant durophagous
32drillers (Oichnus traces) and clionid sponges (Entobia traces) during the lifetime of the
33pinctadas, in contrast to endolithic bivalves (Gastrochaenolites borings) which need thicker
34seashells for the settlement. Occurrence of different encrusters and bioeroders on the internal
35surfaces of many pinctadas confirmed postmortem signatures. Disarticulation, fragmentation,
36and abrasion among the collected pinctadas might be attributed to their mode of life as epifaunal
37byssate, filter-feeder bivalves in the shallow littoral and sublittoral zones of the continental shelf
38under strong currents conditions.

39

40Keywords: Bioerosion; Encrustation; Pinctada; Arabia Gulf[;wslgudi Arabia

41

42 1INTRODUCTION

43 The genus Pinctada is a bivalve that belongs to family Pteriidae, it is the pearl oyster of
44the Arabian Gulf and represents an important source of pearls before the development of culture
45methods in Japan (Cunha et al., 2011). It is distributed through the Indo-Pacific and Caribbean
46regions and successfully spread throughout the Mediterranean Sea and the Adriatic Sea (Tlig-
47Z7ouari and Zaouali, 1994; Galil and Zenetos, 2002; Colgan and Ponder 2002; Lodeiros et al.,


http://www.plagscan.com/highlight?doc=147933897&source=101&cite=2&hl=textonly#2

[1‘9fl<§2002; Zenetos et al., 2007; Aideed, 2014). Pinctada is represented in the Indo-Pacific region by
49}?)13%ny species (e.g. P. margaritifera, P. radiate, P. nigra, P. maxima, and P. fucata).

SO emperature, depth, salinity, substrate type, silt and mud supply, currents, and pollution are the
51most important environmental factors affecting the distribution of pearl oysters (Gervis and
52Sims, 1992). Shells of Pinctada in the Indo-Pacific region range from 50 to 95 mm in length, and
53are subequivalve, subquadrate, subcircular to squarish in shape. These shells have long straight
S4hinge and straight to concave posterior margin. Muscle scars are more or less regular ellipse with
55a broad, poorly demarcated, dorsal tail. Sculpture lamellose with radial rows of broad, appressed
56scales, with radial rows of sharp appressed spines (Crossland, 1957; Reed, 1966). Ecologically,
57Pinctada is an epifaunal suspended feeder, and fouling bivalve. In the subtidal zone, it lives
58attached by byssus either to rocks or to the root systems of marine seagrasses. Pinctada radiata
5%s also attached to the surface of other macroinvertebrate species and fixed to artificial substrata.
60In the Mediterranean Sea, density of individuals varied between 0 and 62.67 individuals/m?. It
61prefers to be attached to vertical solid substrata (natural or artificial) within marine habitats with
62relatively high hydrodynamic conditions (Tlig-Zouari et al., 2009). P. margaritifera usually lives
63under big stones and rocks as well as inhibiting crevices and corners of the hard bottoms and
64among the coral habitats away from aggregations of the sea urchins. It is commonly absent in
65coasts with sandy — muddy bottoms which are devoid of hard rocky formulations (Aideed et al.,
662014).

67 “he Arabian Gulf coastline has been subjected to intensive environmental studies (e.g.
68Youssef et al., 2015, 2016; El-Sorogy and Youssef, 2015; Alharbi and El-Sorogy, 2017, 2019;
69 Alharbi et al., 2017; El-Sorogy et al., 2016a, b, 2018a, b, 2019; Al-Kahtany et al., 2015, 2018;
70Al-Hashim et al., 2021)[.36]%hese studies evaluated the sources of heavy metals in coastal
71sediments, seawaters, and marine skeletons. However, published articles concerned with
72taphonomic signatures in the Arabian Gulf are very scarce (El-Gendy et al., 2015; El-Sorogy et
73al., 2018, 2020). These articles dealt with bioerosion and encrustation processes on skeletons of
74several taxonomical groups, such as bivalves, gastropods, and corals. The objectives of the
75present work are to[:o]a) identify the bioeroders taxonomy which affected Pinctada shells collected
76from the Al-Ugair beach, Eastern Saudi Arabia, b) document the encrusters using Pinctada shells
77as hard substrate, and c) interpret the environmental parameters and the ecological significance
780f the identified ichnoassemblages.

79
27
80 2 MATERIAL AND METHODS
81 Al-Uqair beach is part of the Saudi Arabian Gulf coast and is located approximately 55

82km south of Al-Khobar between longitudes 50°00'-50°25' E and latitudes 25°58'-25°23' N
83(Figure 1). Al-Uqair beach shores consist of three sediment types, namely, sarldy, gravel-filled,
84and skeleton-dominated. Sandy shores have fine to very coarse sand grains.271“he clastic quartz

85sand is well to moderately sorted and is usually rounded with varying proportions of skeletal

86fragments of whole and broken shells of gastropods, bivalves, and foraminifers. Gravel-filled or
87muddy shores consist of silt- and clay-sized materials and are rich in pebble-sized gravels.

88Skeleton-dominated shores consist of large and small seashells of gastropods, bivalves, and

e 1270 . -

89foraminifers. The skeletal fragments are frequently mixed with smaller amounts of coarse-
90grained quartz, calcareous sand, and pebble-sized gravel.2Moreover, these fragments are most

91likely brought in by tidal currents, leading to local biogenic concentrations along certain parts of
92A1-Uqair beach. Lastly, seagrass is frequently present on all of the shores, especially in the sandy
93and skeleton-dominated shores.
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94 In this study, a total of 886 Pinctada valves were collected from 12 sites along Al-Uqair
95beach in January 2021 (Figure 1). The large distance between sites 3 and 4 is a protected area,
96which explains the paucity of sampling in this area. The bioeroded and encrusted specimens
97were washed, examined and identified and differential distributions on the skeletal surfaces were
98evaluated. All examined specimens are housed in the Museum of the Department of Geology and
99Geophysics, College of Science, King Saud University, Saudi Arabia.

100
101 3SYSTEMATIC ICHNOLOGY
102 Thirteen ichnospecies belonging to 5 ichnogenera have been identified and illustrated

103from 371 pinctada specimens (Figure 2). These traces were produced by clionid sponges,
104durophagous drﬂl’grs polychaete annelids, endolithic bivalves, vermetid gastropods and barnacle
105attachment scars. L'able 1 presents the abundance of the recorded ichnospecies and encrusters in
106the studied sites.

107 Ichnofamily Oichnidae Wisshak, Knaust, and Bertling, 2019
108 Ichnogenus Oichnus Bromley, 1981

109 Oichnus paraboloides Bromley, 1981

110 Figures 3A-E, I, 4C

111

112Material and occurrence: 160 traces (91 on left valves and 69 on right valves): 35 traces (site
1131), 29 (site 2), 33 (site 3), 3 (site 4), 3 (site 6), 26 (site 7), 4 (site 8), 5 (site 9), 14 (site 10), and 8
114(site 12).

115Description: Parabolic drill holes, perpendicular to the pinctadas surfaces, 1.4-2.8 mm in
116diameter with outer diameters exceeding the inner ones. Some shells showed incomplete drills.
117The parabolic drill holes account for 50.47% of the Oichnus traces and 27.12% of the total
118traces. »

119Remarks: O. paraboloides is previously recorded on the Paleocene ostracods from Argentina
120(Villegas-Martin, 2019), the modern and fossil Turritella from northern Gulf of California region
121(Walker, 1998), the Middle Eocene to Middle Miocene White Limestone Group, Jamaica
122(Blissett and Pickerill, 2004), the bivalve Mya arenaria from New Haven Harbor, USA. (Dietl
123and Kelley, 2006), Pleistocene — Holocene, Uruguay (Lorenzo and Verde, 2004[2), Recent
124bivalves of the northern Red Sea Coast, Egypt (El-Sorogy, 2015), and the Quaternary bivalves
125and gastropods of the Arabian Gulf and Red Sea coasts, Saudi Arabia (El-Sorogy et al., 2018,
1262020, 2021; Demircan et al., 2021).

127

128 Oichnus simplex Bromley, 1981
129 Figures 3G-H, J

130

131Material and occurrence: 42 traces (22 on left valves and 20 on right valves): 18 traces (site 1),
1328 (site 2), 6 (site 3), 1 (site 4), 7 (site 6), and 2 (site 7). o

133Description: Circular to subcircular drill holes, 1.5-2.3 mm in diameter, more or less
134perpendicular to the shell surfaces. Some drills end as a shallow depression. The circular to
135subcircular drill holes account for 13.25% of Oichnus traces and 7.12% of the total traces.
136Remarks: O. simplex is recorded from the Paleocene ostracads from Argentina (Villegas-
137Martin, 2019), the Cenomanian oysters in France (Breton et al., 2017), the modern and fossil
138Turritella from the northern Gulf of California region (Walker, 1998), the Pliocene Roussillon
139Basin, France (Gibert et al 2007) the Middle Eocene to Middle Miocene White Limestone
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zi”‘mGroup, Jamaica (Blissett and Pickerill, 2004), Recent bivalves of the northern Red Sea Coast,
141Egypt (El-Sorogy, 2015), and the Quaternary bivalves and gastropods of the Arabia Gulf and

142Red Sea coasts, Saudi Arabia (El-Sorogy et al., 2018, 2020, 2021; Demircan et al., 2021).
143

144 Oichnus ovalis Bromley, 1993
145 Figures 3F, I, K, L, 4A-B, L
146

147Material and occurrence: 31 traces (19 on left valves and 12 on right valves): 8 traces (site 1),
1486 (site 3), 9 (site 6), 6 (site 7), 1 (sjte 8), and 1 (site 9).

149Description: Ovoid drill holes The holes pass right through the substrate as a penetration,
150tapering from a relatively large external aperture to a minute inner one. The ovoid drill holes
15Imake up to ¢ 9,48% of Oichnus traces and 5.25% of the total traces.

152Remarks: O ovahs is previously recorded from the Middle Eocene to Middle Miocene White
153Limestone Group, Jamaica (Blissett and Pickerill, 2004, 2007), the Eocene to Recent
154brachiopods from the Mediterranean region and Paratethys (Ruggiero and Bitner, 2008), the
155Quaternary glaciomarine sediments from southwestern Iceland (Pokorny and Stofik, 2017), and

156the Quaternary bivalves, Red Sea coast, Saudi Arabia (El-Sorogy et al., 2021).
157

158 Oichnus isp.
159 Figures 4G, 51
160

161Material and occurrence: 84 traces (48 on left valves and 36 on right valves): 10 traces (site
1621), 13 (site 2), 12 (site 3), 3 (site 4), 12 (site 6), 11 (site 7), 3 (site 8), 4 (site 9), 4 (site 10), and 9
163(site 12).

164Description: Circular to slightly ovoid drill holes, perpendicular to the shell surfaces, 1.5-2.2

165mm in width. Making up to 26.50% of Oichnus traces and 14.24% of the total traces.
166

167 Ichnofamily Entobiaidae Wisshak, Knaust and Bertling, 2019
168 Ichnogenus Entobia Bronn, 1837

169 Entobia geometrica Bromley and D'Alessandro, 1984

170 Figures 3A, 4C-F, H, J, 5A

171

172Material and occurrence: 54 traces (29 on right valves and 25 on left valve): one trace (site 1),
1732 traces (site 2), 2 traces (site 3), 8 traces (site 4), 8 traces (site 6), 32 traces (site 7), and one
174trace (site 11

175Descr1pt10n Networks of chambers with circular apertures, interconnected by irregularly
176distributed cylindrical galleries. Chambers with 2.3-3 mm in diameter for larger apertures, and
1771-2 mm in diameter for the smaller ones. Making up to 20.53% of the recorded Entobia traces
178(n=263) and 9.15% of the total traces (n=590).

179Remarks: E. geometrica is previously refgrded from the late Eocene bivalve Carolia
180placunoides from Egypt (Rashwan et al., 2019), the Miocene marine mobile-substrate
181communities in southern Spain (Santos et al[0 2011), the late Miocene rocky shores from
182Menorca, Balearic Islands (Johnson et al., 2010), the late Miocene rocky paleoshore, Cannkkale
183Turkey (Demircan, 2012), the Miocene Ostrea lamellosa shells, NW Algeria (Naimi et al[ 502 1)
184and the Quaternary bivalves and gastropods of the Arabia Gulf and Red Sea coasts, Saudi Arabia
185(El-Sorogy et al., 2020, 2021; Demircan et al., 2021).
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186

187 Entobia ovula Bromley and D'Alessandro, 1984
188 Figures 3A, 4H-J, 5A, 6B
189

190Material and occurrence: 27 traces (15 on right valves and 12 on left valve): 3 traces (site 1), 2
191traces (site 2), 4 traces (site 4), 10 traces (site 6), 4 traces (site 7), one trace (site 10), 2 traces
192(site 11), and one trace (site 12).

193Description: Borings on the external surface of pinctadas present in four stages. Stage A of
194narrow and branched tunnels, about 1 mm in diameter. Stage B curved rows with elongate
195chambers. 1.8-3 mm in diameter. Stage C oval, closely spaced chambers, 2.8-3.3 mm in
196diameter[0]§tage D small spherical to ovoid chambers, with an average diameter of about 3.2 mm.
197Making 10. 27% of the Entobia traces and 4.58% of all the studied traces.

198Remarks: E. ovula is previously recorded from Upper Cretaceous sequence of western Sinai,
199Egypt (El-Hedeny, 2007), the Middle Eocene to Middle Miocene White Limestone Group,
200Jamaica (Blissett and Pickerill, 2004), the Early Eocene from the Kachchh Basin, India (Gurav
201and Kulkarni, 2018), the Middle Miocene carbonate succession of the northern Western Desert
2020f Egypt (El-Hedeny and El-Sabbagh, 2018), the Miocene marine mobile-substrate communities
203in southern Spain (Santos et al., 2011), and the Quaternary bivalves and gastropods of the Arabia

204Gulf and Red Sea coasts, Saudi Arabia (El-Sorogy et al., 2018, 2021; Demircan et al., 2021).
205

206 Entobia laquea Bromley and D'Alessandro, 1984
207 Figures 4G, J, K
208

209Material and occurrence: 15 traces (9 on right valves and 6 on left valve): One trace (site 3), 3
210traces (site 4), 7 traces (site 6), and 4 traces (site 7).

211Description: Traces of oval, elongate to subangular chambers are 1.5-2.5 mm in diameter,
212making up t0 5.70% of the Entobia traces and 2.54% of the total traces.

213Remarks: E. aquea is previously recorded from the Middle Miocene carbonate succession of
214the northern Western Desert of Egypt (El-Hedeny and El-Sabbagh, 2018), and the Quaternary

215bivalves and gastropods of the Red Sea coast, Saudi Arabia (El-Sorogy et al., 2021).
216

217 Entobia cretacea Portlock, 1843
218 Figures 3A, 5A-C
219

220Material and occurrence: 18 traces (10 on left valves and 8 on right valve): 8 traces (site 1),
2210ne trace (site 2), 3 traces (site 4), 4 traces (site 6), one trace (site 7), and one trace (site 11).
222Description: Most commonly in the form of networks of uniform multiple oval chambers,
223accounting for 6.86% of the Entobia traces and 3.05% of the total traces.

224Remarks: E. Ctretacea is previously recorded from the Late Cretaceous (chalk) of England
225(Donovan and Fearnhead, 2015), the Late Cretaceous oysters of Egypt (El-Hedeny and El-
226Sabbagh, 2007), the Cenomanian oysters from France (Breton et al., 2017), and the Quaternary
227bivalves and gastropods of the Red Sea coasts, Saudi Arabia (El-Sorogy et al., 2021; Demircan et
2284., 2021).

229

230 S htobia cateniformis (Bromley and D'Alessandro, 1984)

231 Figures 5H, I
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233Material and occurrence: 5 traces (3 on left valves and 2 on right valves from site 6).
234Description: Chambers in long cylinders with T or L shaped at intersections. Apertures small,
235with well-developed apertural canals (Gurav and Kulkarni, 2018). Making 1.90% of the Entobia
236traces and 0.85% of the total ones.

237Remarks: E. cateniformis is recorded from the Middle Eocene to Middle Miocene White
238Limestone Group, Jamaica (Blissett and Pickerill, 2004) and the Early Eocene Kachchh Basin,
239India (Gurav and Kulkarni 2018).

240

241 Entobia isp.

242 Figures 3A, C, L, 4C, D, G, I, K, L, 5A-C, E, K, L, 6F, J
243

244Material and occurrence: 144 traces (76 on left valves and 68 on right valve): 16 traces (site 1),
2455 traces (site 2), 5 traces (site 3), 31 traces (site 4), 2 traces (site 5), 59 traces (site 6), 19 traces
246(site 7), on e dface (site 8), 3 traces (site 9), and 3 traces (site 11).

247Description: Traces represented by networks of linear chambers, with circular apertures, 0.3-1.4
248mm in diameter, make up to 54.75% of the recorded Entobia traces and 24.41% of the total

24%traces.

250

251 Ichnofamily Osteichnidae Hopner and Bertling, 2017
252 Ichnogenus Caulostrepsis Clarke, 1908

253 Caulostrepsis isp.

254 Figures 6F, G

255

256Material anﬂ )pccurrence: 2 traces on right valves (sites 6 and 11).

257Descr1p'[1on It is a pouch-shaped boring, and long galleries with a figure-of eight-shaped across-
258section. Making 0.34% of the total traces.

259Remarks: This ichnotaxon was revised by Bromley and D'Alessandro (1983) and recognized
260several ichnospecies. Caulostrepsis is very common polychaete boring in Messinian Rhodolith
261beds in Algeria (Naimi et al., 202 1) It has been mainly considered to be produced by
262polychaetes in shallow water environments, at a water depth between 7 and 15 m (Wisshak et al.,

2632005).

264

265 Ichnofamily Renichnidae Knaust, 2012
266 Ichnogenus Renichnus Mayoral, 1987
267 Renichnus isp

268 Figure 5D

269

270Material: 5 traces on a left valve of P. margaritifera, site 6. (0]

271Description: It is observed a half-moon or kidney-shaped depression. There is a flat and gently
272curved succession of progressively wider, kidney-shaped depressmgs closely related to the
273smooth walls. There is a maximum of 2 depressions per specimen. The walls between the
274depressmn§are perpendicular to the surface or slightly oblique. Making 0.84% the total traces.
275Remarks Renlchnus was formed as the etching trace of vermetid gastropods (Mayoral, 1987;

276Uchman et al., 2017).
277
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278 Ichnofamily Centrichnidae Wisshak, Knaust, and Bertling, 2019

279 Ichnogenus Anellusichnus Santos, Mayoral and Muiiiz, 2005
280 Anellusichnus circularis

281 Figures 5F, G, 6D

282

283Material: 3 traces (two on left and one on right valves (sites 6 and 2).

284Description: Anellusichnus circularis is surface traces of circular or subcircular to oval It is
285revealed by a color difference in the substrate or, by the presence of a very shallow ring-shaped
286furrow pathway. Its outer furrow has very faint circular, oval or subpolygonal concentric
287striations (Santos et al., 2005). Making 0.51% of the total traces.

288Remarks: It was identified by Lister (1687) for the first time as attachment scars from Balanus.
2891t is observed from late Miocene to Holocene (Santos et al., 2005).

290
291 4 DISCUSSION
292 The main physical factor for fragmentation of Pinctada shells in the study area is the

293active currents and tides. Fragmentation occurs as the presence of shell fragments.
294 Approximately 22.45% of the collected specimens were still bivalved or articulated shells. Shell
295movement on coastal sediment and over each other by wave actions is often blamed for shell
296abrasion, mainly in the form of loose the outer, thin, horny coat of the periostracum and lack of
297luster on the inner nacre conchiolin and aragonitic layer (Nielsen, 2004; Glaub et al., 2007).
298Skeletons of Pinctada act as lithified substrate for bioeroders of clionid sponge (Entobia traces),
299rare polychaete annelids (Caulostrepsis isp.), and carnivorous gastropods (Oichnus traces),
300which produce traces of dwelling and predation based on the fundamental behavioral patterns
301(Seilacher, 1964; Odumodu and Okon, 2016). Concerning the abundance of the identified
302jchnotaxa, it is noticed that 53.73% of the studied pinctadas were bioeroded by carnivorous
303gastropods, 44.58% by clionid sponge, and 1.69% by endolithic bivalves, polychaete annelids
304and barnacles.

305 Structurally, the pearl oyster shell consists of three parallel layers (Poirot, 1980). The
306outer, thin, horny coat of the periostracum, the middle prismatic layer of polygonal prisms of
307calcite, which lie perpendicular to the surface, while the inner nacre consists of layers of
308conchiolin, interspersed with thin sheets of aragonite. The nacre has high tensile strength and
309plasticity compared with other mollusc shells, making it highly resistant to crushing forces and
310therefore providing good defense against a number of predators (Currey, 1977; Currey and
311Brear, 1984). Traces of predatory gastropods on the Pinctada surfaces indicate producnon during
312the lifetime of these Pinctadas and likely have caused their death (Bromley, 1981). Moreover
313Presence of more than one Oichnus drill holes on some shells (Figures 3B, C, F, I), i
314presumably the result of further attempts by the predatory gastropod [T(1]>k111 its prey (see
315Kowalewski et al., 2000; Nielsen and Nielsen, 2001; Hauser et al., 2008). “The ended drills of
3160ichnus within the pinctadas substrate as a shallow to deep depression or short, subcylindrical
317pit may be attributed to the strength of the inner nacre making it highly resistant to drill by the
318naticid and muricid gastropods (Currey 1977; Currey and Brear 1984; Klompmaker et al., 2015).
319The thin-shelled and smooth skeletons of Pinctada were easier to drill by the abundant
320durophagous drillers (Oichnus traces) and clionid sponges (Entobia traces) during their lifetime.
321The traces of Entobia range from few scattered borings to entirely bioeroded surfaces (Figures
3224D, G, H, L). The external surfaces were intensively bioeroded than the internal ones, indicating
323bioerosion during their lifetime.
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324 Temperature, depth, salinity, substrate type, mud and silt load, currents, and pollution are
325the environmental factors affecting distribution and abundance of pinctadas (Gervis and Sims,

3261992). The temperature determines the rate of deposition of nacre on shells. Pinctadas prefer

327shallow water and, therefore, their growth rate is decreased in deeper water, probably due to

328]ower temperatures and reduction of phytoplankton. Similar to other organisms inhabiting the

329%ntertidal zone, pinctadas prefer seawaters of normal salinity, but most can tolerate a wide range
3300f salinities. Moreover, strong currents are required to bring in food and oxygen, to remove

331wastes and to distribute the planulae. In general, all the above mentioned environmental factors
332are appropriated at the study area but the difference in abundance of bioeroders among the

333studied sites (e. g[ fow in sites 4,5, 8-10, 12, and high in sites 1-3, 6, 7) may be attributed to the
334abundance of pinctadas shells in each site, which is dependents consequently on the topography
3350f the coast and the wind direction.

336
337 4.1. ENCRUSTATION
338 The skeletons of Pinctada act as hard substrates for colonization by encrusting

33%nvertebrates, including serpulid worms, Spirorbis sp., bryozoans, and barnacles. The serpulid
340worm tubes are the most common encrusters on Pinctada specimens (167 encrusters, 91 on left
341valves and 76 on right ones from all studied sites). Serpulids are represented by their tubes,
342circular to sub-circular in cross-section. They mostly grew as solitary individuals or dense
343coverings on the internal and external surfaces of Pinctada (Figures 6A, E, G, I, J). Acorn
344barnacles were the second abundant (60 encrusters, 36 on left valves and 24 on right ones, from
345all sites except 4, 7, 8, and 11). Barnacles occur solitary or as aggregates encrusting the external
346surface of Pinctada and some living ones encrust the internal surfaces (Figures 4C,
3476A, E, H). Spirorbis sp. is a small white sinistral coiled polychaete that lives attached to
348pinctadas (23 encrusters on 13 left and 10 right valves). The tubes have peripheral flanges for
349attachment to the substrate (Figures 3J, 6C, I, K). The bryozoans are the least abundant, with 7
350encrusters of Holloporella, Membranipora, Hippopodina, Celleporaria, and Watersipora spp.
351They encrusted the internal smooth surface and the external surface of left and right valves of
352Pinctada (Figures 6K, L). Bryozoan colonies are sheet-like, a few millimeters to centimeters in
353size, on encrusted surfaces[ The presence of different encrusters on the internal surfaces of many
354pinctadas has been confirmed a postmortem colonization, while those on the external surfaces
355indicated a colonization process mostly took place during the lifetime of the pinctadas.

356

357CONCLUSIONS

3581. Thirteen ichnospecies have been identified and illustrated on the pearl oyster Pinctada from
359%the Al-Uqair coastline, eastern Saudi Arabia. These ichnospecies were produced by clionid
360sponges, polychaete annelids, durophagous, acrothoracican barnacle, and barnacle attachment
361scars. Moreover, the Pinctada shells acted as hard substrate for colonization by serpulid worm,
362Spirorbis sp., bryozoans, barnacles, and other bivalves.

3632, The identified ichnospecies belong to 6 ichnogenera. Ichnogenus Oichnus was most abundant
364(53.73%, 4 ichnospecies), followed by Entobia (44.58%, 6 ichnospecies), Anellusichnus (0.51%,
3650ne ichnospecies), Caulostrepsis (0.34%, one ichnospecies), and Renichnus (0.84%, one
366ichnospecies). The thin-shelled and smooth skeletons of Pinctada were easier to drill by the
367abundant durophagous drillers and clionid sponges during their lifetime, in contrast to endolithic
368bivalves which need thicker seashells for the settlement.
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3693, Drill holes of Oichnus on the Pinctada surfaces indicated production during the lifetime of the
370pearl oyster. The shallow depressions or pits of Qichnus within the pinctadas substrate may be
371attributed to the high tensile strength and plasticity of the inner nacre. Traces of Entobia ranged
372from few scattered borings to entirely bioeroded surfaces. The external surfaces were intensively
373bineroded than the internal ones, indicating bioerosion during their lifetime.

3744[5L)1sart1culat10n fragmentation, and abrasion in the 1nvest1gated mnctadas might be due to their
375mode of life as epifaunal byssate, in shallow strong currents. oreover, the difference in
376abundance of bioeroders among the studied sites may be attributed to the abundance of pinctadas
377shells along the coastline, which depends on the topography of the coast and the wind direction.
378
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584FIGURE CAPTIONS

585Figure 1. Location map of the study area and sample stations (modified after Al-Hashim et al.,
5862021).

587Figure 2. Abundance of pinctadas in the study area. A. low abundance, site 1; B. high
588abundance, site 3.

589Figure 3. (A) Oichnus paraboloides (a), E. ovula (b), E. geometrica (c), Entobia isp.(d), and E.
590cretacea (e) on a right valve of Pinctada margaritifera, site 1; (B) O. paraboloides (black
591arrows) on a right valve of P. margaritifera, site 1; (C) O. paraboloides (a), Entobia isp.(b), with
592serpulid worm tubes (Se) on a right valve of P. margaritifera, site 6; (D,E) O. paraboloides on
593right valves of P. margaritifera, sites 1 and 3 respectively; (F) O.ovalis (a,b) with serpulid worm
594tubes (Se) on a right valve of P. margaritifera, site 6; (G) O. simplex on the adductor muscle scar



5950f a right valve of P. radiata, site 6; (H) O. simplex on a left valve of P. margaritifera, site 1; (I)
5960. ovalis (a), O. paraboloides (b) on a right valve of P. margaritifera, site 6; (J) O. simplex with
597Spirorbis sp.(Sr) on an internal surface of a left valve of P. margaritifera, site 1; (K) O. ovalis
598(black arrow) on right valves of P. margaritifera, sites 6; (L) O. ovalis (a) and Entobia isp. (b)
599with Spirorbis sp.(Sr) on right valves of P. radiata, sites 6 and 1, respectively.

600

601Figure 4. (A, B) Oichnus ovalis on left valves of P. radiata, sites 9 and 2, respectively; (C) O.
602paraboloides (a), Entobia geometrica (b), Entobia isp. (c) and Balanus (Ba) on a left valve of P.
603margaritifera, site 1; (D) Entobia isp.(a) and E. geometrica (b) on a left valve of P.
604margaritifera, site 7; (E, F) E. geometrica on internal and external surfaces of right valves of P.
605margaritifera, site 7; (G) Oichnus isp. (white arrow), E. laquea (black arrow), Entobia isp., with
606serpulid worm tubes on a right valve of P. margaritifera, site 6; (H)E. ovula (a) and E.
607geometrica (b) on a right valve of P. margaritifera, site 7; (I) E. ovula (a), Entobia isp.(b), and
608encrusted internal surface of a right valve by in part living balanids, site 6; (J) E. laquea (a), E.
609geometrica (b) and E. ovula (c) on a left valve of P. margaritifera, site 6; (K) E. laquea with
610Entobia isp. on a left valve, site 6; (L) Entobia isp., and O. ovalis on a right valve of P. radiata,
611site 6.

612

613Figure 5. (A) E. ovula (a), Entobia cretacea (b), E. geometrica (c), and Entobia isp. (d) on a
614right valve of P. margaritifera, site 2; (B) Entobia isp. (a), Entobia cretacea (b) serpulid worm
615tubes, on a right valve of P. margaritifera, site 6; (C) Entobia cretacea (a), Entobia isp. (b) with
616serpulid worm tubes on a right valve of P. margaritifera, site 6; (D) Renichnus isp. (black arrow)
6170n a left valve of P. margaritifera, site 6; (E) Entobia isp. (a), Balanus (Ba) with Spirorbis sp.
618(Sr) on a right valve of P. margaritifera, site 1; (F) Anellusichnus circularis, site 2; (G)
619 Anellusichnus circularis with serpulid worm tubes and fixed Chama on the external surface of a
620right valve of P. margaritifera, site 6; (H) E. cateniformis on a right valve of P. margaritifera,
621sjte 7; (I) E. cateniformis (a) and Oichnus isp.(b) on a left valve of P. margaritifera, site 7; (J)
622Qichnus ovalis (a) and Entobia isp. (b) on an internal surface of right valve of P. radiata, site 7;
623(K) Entobia isp. on an internal surface of right valve of P. margaritifera, site 6; (L) Entobia isp.
6240n an internal surface of right valve of P. radiata, site 6.

625

626Figure 6. (A) Sponge spicules, Balanid (Ba) with serpulid worm tubes (Se) on a right valve of P.
627margaritifera, site 6; (B) E. ovula (a) on a right valve of P. radiata, site 2; (C) Balanus (Ba) with
628Spirorbis sp.(Sr) on an internal surface of a left valve of P. margaritifera, site 1; (D)
629 Anellusichnus circularis (black arrow) on a left valve of P. margaritifera, site 6. (E) Worm tubes
630with balanids (Ba) internal surface of a right valve of P. margaritifera, site 12; (F) Caulostrepsis
631jsp. (a) and Entobia isp. (b), sitel1; (G) Caulostrepsis isp. (black arrows) with serpulid worm
632tubes (Se), site 6; (H) Internal surface of a left valve encrusted by balanids (Ba), site 12; (I)
633Spirorbis sp.(Sr), serpulid worm tubes (Se) with Balanus (Ba) on an internal surface of a left
634valve, site 12; (J) Entobia isp. (black arrow), Spirorbis sp. (Sr), with serpulid worm tubes on an
635internal surface of a left valve, site 7; (K) Bryozoa (Br) and Spirorbis sp. (Sr) on 1nterrm1 ;surface
6360of a fragmented left valve of P. margaritifera, site 10; (L) Bryozoa and Spirorbis sp. (Sr) on
637internal surfaces of left valves of P. margaritifera, sites 11, respectively.

638

639Figure 7. Cross sections through the shell of a pearl oyster (modified after Poirot 1980).
640Figure 8. The Q-mode hierarchical clustering analysis of the 12 sampling sites.
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641

642Table 1. Abundance of the recorded ichnospecies and encrusters in the studied sites.
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