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13 Abstract

14 The Great Australian Bight is a large carbonate cold water environment located on the central and 
15 western portions of the southern Australia. Seagrasses (Posidonia sp.) and macroalgae benthic 
16 habitats are widely distributed in the shallow water environment of southern Australia, contributing 
17 to the carbonate factory. This study investigated the distribution of modern benthic foraminiferal 
18 assemblages in the microtidal wave-dominated inner-shelf of Esperance Bay (southwestern 
19 Australia), that lies on the western margin of the Great Australian Bight. 

20 Benthic foraminifera were taxonomically identified and biotic parameters (species richness, density, 
21 Fisher-α index, Shannon-Weaver index, dominance) were calculated. Multivariate analyses 
22 (Hierarchical Cluster Analysis, Principal Component Analysis) were performed to understand 
23 foraminiferal distribution in the context of environmental conditions. Four main foraminiferal 
24 assemblages have been recognized: (I) a nearshore assemblage of dense seagrass meadow, 
25 dominated by Lamellodiscorbis dimidiatus, Elphidium craticulatum, Elphidium crispum, Cibicides 
26 lobatulus, II) a second assemblage associated with unvegetated seabed (approximately 30 m depth) 
27 with Lamellodiscorbis dimidiatus, Elphidium crispum, Quinqueloculina disparilis, III) a third 
28 assemblage in the central sector of the bay, characterized by a discontinuous and mixed seagrass-
29 algae coverage with Lamellodiscorbis dimidiatus, Elphidium crispum, Elphidium macellum, 
30 Cibicides refulgens, and Quinqueloculina poeyana, and IV) an epiphytic assemblage of transitional 
31 zone from the coastline to the upper limit of a mixed seagrass-algae meadow, dominated by 
32 Elphidium crispum, Chrysalidinella dimorpha, Planulinoides biconcava, Planoglabratella 
33 opercularis, Rugobolivinella elegans. The spatial distribution of the four assemblages appears 
34 closely related to sediment texture, seagrass cover and depth, but it is also influenced by the 
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35 shoreface morphology and the hydrodynamic energy. The understanding of the ecological 
36 parameters that influence benthic foraminiferal distribution, composition and assemblage structure 
37 within seagrass meadows is useful for paleoecological and paleoenvironmental interpretations.

38

39 Keywords: Benthic foraminifera, Seagrass, Epiphytes, Coastal zone, South-western Australia

40

41

42



3

43 Introduction

44 Benthic foraminiferal assemblages are useful as (paleo)ecological proxies for characterization of 
45 specific environments in coastal systems (Murray, 2006) because they possess several key 
46 characteristics that make them excellent environmental indicators (Scott et al., 2001). In fact, 
47 foraminifera constitute the most diverse and widespread group of shelled microorganisms in 
48 modern oceans (e.g., Debenay et al., 1996; Murray, 2006), they have relatively short life-cycles and 
49 many specimens can be retrieved from a relatively small sediment sample. In addition, benthic 
50 foraminifera can indicate both short- and long-term changes in most marine and transitional 
51 environments because their life-cycle is related to several parameters such as sediment texture 
52 (Buosi et al., 2013a,b; Celia Magno et al., 2012), seabed morphology (Corbí et al., 2016; Schröder-
53 Adams et al., 2008), bathymetry (Avnaim-Katav et al., 2015; García-Sanz et al., 2018), water 
54 currents (Buosi et al., 2012; Schönfeld, 2002a,b), seagrass ecosystem (Frezza et al., 2011; Mateu-
55 Vicens et al., 2014; Trabelsi et al., 2018), temperature (Lei et al., 2019; Titelboim et al., 2019), 
56 organic content (Armynot du Châtelet et al., 2009; Di Bella et al., 2019; Martins et al., 2015), 
57 dissolved oxygen, salinity, light (Charrieau et al., 2018; Lee et al., 2016a; LeKieffre et al., 2017), 
58 and pollutants (e.g., Ferraro et al., 2006; Schintu et al., 2016). Reasons for the growing interest in 
59 these studies are multiples but are mainly linked to two principal aspects: data on modern 
60 distributions allow the interpretation of past environments and provide baseline information for 
61 monitoring of future environmental changes, induced by natural or anthropogenic forcing (Quilty 
62 and Hosie, 2006). 

63 Benthic foraminiferal studies of the northern Hemisphere are numerous, and they have focused on 
64 the distribution and ecology of assemblages in natural and contaminated coastal areas (e.g., Alve 
65 and Murray, 1999; Celia Magno et al., 2012; Debenay et al., 2001; Di Bella et al., 2016; Diz and 
66 Francés, 2008; Goineau, et al., 2011; Jorissen 1987; Jorissen et al., 1992; Mendes et al., 2004; 
67 Milker et al., 2009; Mojtahid et al., 2009; Panieri et al., 2005; Pascual et al., 2008; Salvi et al., 
68 2015; Sgarrella and Moncharmont Zei, 1993). However, the equivalent body of literature for 
69 Australia is scarce (Dean and De Deckker, 2013). The clear majority of these studies deals with the 
70 distribution of large benthic foraminifera like Amphistegina spp. and Marginopora vertebralis (e.g., 
71 Doo et al., 2017; Lee et al., 2016b; Prazeres et al., 2017) or investigates the importance of large 
72 benthic foraminifera to reef sediment budget and dynamics of the Great Barrier Reef (e.g., Dawson 
73 et al., 2014; Renema et al., 2013). Despite these studies, the investigations of the benthic 
74 foraminifera assemblages and associated physical and biological parameters that influenced their 
75 distribution in the nearshore environments of southern Australia are very limited (Cann et al., 1993; 
76 Dean and De Deckker, 2013; Li et al., 1996; Nash et al., 2010; Quilty and Hosie, 2006; Schröder-
77 Adams et al., 2014). 

78 In coastal areas characterized by the presence of seagrass or macroalgae communities, foraminiferal 
79 assemblages differ significantly from one type of substrate to another (Benedetti and Frezza, 2016; 
80 Langer, 1993; Mateu-Vicens et al., 2014). In particular, along the southern Australia coast, 
81 Posidonia sp. meadow represents the main habitat for many epiphytal foraminifera, including 
82 permanent and temporarily attached species. The presence of this seagrass outlines similar benthic 
83 habitats between the coastal areas of South Australia and Mediterranean basin, as temperate water 
84 carbonate sedimentation dominates the inner shelf at these locations. The similarities are mainly 
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85 related to analogous processes regulating seagrass distribution and the capacity of meadows to 
86 physically retain sediments deposited at shallower depths (Buosi et al., 2017; De Muro et al., 2018; 
87 Tecchiato et al., 2016, 2019).

88 The main objectives of this study were to: 1) identify the foraminiferal biotopes in the nearshore 
89 sediments of a microtidal, wave-dominated coastal area of southern Australia (Esperance Bay; 
90 Figure 1); 2) assess the influence of depth and sedimentary parameters on the benthic foraminiferal 
91 distribution; and 3) determine the effect of seagrass and macroalgae on foraminiferal community.

92

93 Regional Setting

94 Esperance Bay is a ~10 km long southwest facing embayment in the Archipelago Recherche in 
95 southwestern Australia (Figure 1), approximately 700 km south-east of Perth. This area lies on the 
96 western margin of the Great Australian Bight, the largest carbonate cold water environment in the 
97 world (James et al., 2001). Esperance Bay is bordered by two rocky headlands, Dempster Head to 
98 the SW and Wylie Head to the E, and sandy barriers. Several small islands are visible in the bay, 
99 and represent outcrops of Middle Proterozoic granites, gneisses and migmatites (Ryan et al., 2007) 

100 that protrude through mainly flat lying Cenozoic limestones (Cann and Clarke, 1993). Limestone 
101 outcrops dominate in <100 m water depth (James et al., 2001).

102 Human population is concentrated on the western foreshores of the bay in the town of Esperance. 
103 Esperance is a growing urban and industrial centre but is also a tourist destination. The local port is 
104 located on the South-western side and represents an important exporting hub which is accessed by 
105 large bulk carriers through a dredged channel. The Bandy Creek stream in the central sector of the 
106 bay supplies sediment from the hills and coastal dunes to the coastline. The eastern sector is 
107 characterized by a wide dune system (about 25 km2). 

108 Esperance bay is a microtidal wave-dominated embayment, exposed to the most extreme wave 
109 energy of the entire Australian coastline (Hemer, 2006; Ryan et al., 2007). The seabed is relatively 
110 smooth inshore, and slopes at approximately 0.3° towards the southwest (Ryan et al., 2008). As 
111 detailed below, carbonate sediments are common in this area and their origin is mostly associated 
112 with seagrass meadows (mainly Posidonia sp.) and subordinately also by macroalgal communities 
113 (Ryan et al., 2007; Tecchiato et al., 2019).

114 Southwestern Australia is characterised by a semi-arid Mediterranean climate, featuring a mean 
115 annual rainfall of 619 mm, 50% of which occurs in the austral winter. This region is influenced by 
116 the warm, low salinity and oligotrophic Leeuwin Current (Ryan et al., 2008). The current rounds 
117 Cape Leeuwin on the South-West corner of western Australia and then flows eastward. As the 
118 current progresses South and then East, the temperature decreases, and the salinity increases due to 
119 mixing with local waters (Cresswell and Peterson, 1993). The Leeuwin Current flow results 
120 stronger during the winter months (April–September) as a consequence of the seasonal differences 
121 in wind stress along the West coast. Sea temperatures range from 21.2 °C in summer to a spring 
122 minimum of 16.0 °C (mean 18.9 °C), whereas salinity ranges from 35.2 to 36.0 (Ryan et al., 2008). 
123 The warm Leeuwin Current allows the presence of sub-tropical to tropical taxa such as the 
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124 calcareous alga Halimeda, and the benthic foraminifera Marginopora vertebralis (Cann and Clarke, 
125 1993).

126

127 Previous Studies

128 The study area was previously investigated by several authors. Tecchiato et al. (2019) investigated 
129 the relationships between morpho-sedimentary features and distribution of seagrass meadows 
130 through an integrated analysis of geomorphology, sediments and benthic habitat structure. The 
131 results demonstrated that seagrass distribution is related to gradients in sediment texture and 
132 composition, hydrodynamics and human impact. In fact, according to Tecchiato et al. (2019), dense 
133 seagrass meadows occurred in more sheltered regions of the bay, whereas sparser vegetation was 
134 found in areas of higher wave energy and artificial activities (like ship anchoring and dredging 
135 activities). In addition, carbonate sediment resulted transported onshore from the seagrass meadow 
136 supplying the beach system. De Muro et al. (2018) and Tecchiato et al. (2016) characterized the 
137 nearshore system using geomorphological, sedimentological and ecological data. These authors 
138 reported a similarity between the coastal areas of South-western Australia and South Sardinia (Italy, 
139 western Mediterranean Sea), as temperate water carbonate sedimentation dominates the inner shelf 
140 at these locations. According to the authors, the seagrass carbonate factory regulates the deposition 
141 and the distribution of modern bioclasts in these areas, producing significantly comparable sediment 
142 facies. 

143 Previously, the inner shelf of Esperance Bay was examined by Ryan et al. (2007, 2008) in order to 
144 better identify the relationships between seabed geomorphology and the distribution of benthic 
145 habitats and the processes of carbonate sedimentation and preservation. Based on surficial 
146 sediments, video traverses, multibeam sonar data, cores and shallow seismic data, the marine 
147 environment of the Recherche Archipelago was divided in several sediment facies, including a 
148 shallow, cool-water biogenic carbonate assemblage with a significant warm-water component. Ryan 
149 et al. (2008) reported episodic accumulation of a prograding sediment wedge, with substantially 
150 thicker deposits located on the lee side of topographic highs such as the islands of the Recerche 
151 Arcipelago. According to these authors (Ryan et al., 2008), modern sediment accumulation was 
152 largely restricted to the inner and middle shelves, whereas storm events played an important role in 
153 the onshore sediment transport, in the reworking of particles and periodic removal of sediment, and 
154 in the formation of a mostly bare 'shaved' middle and outer shelf. In addition, Ryan et al. (2007) 
155 reported that also the seagrass distribution in Esperance Bay appeared primarily related to wave 
156 exposure rather than sediment type, whereas the Rhodolith habitat seemed influenced by exposure 
157 to moderate wave energy.

158 Previous foraminiferal study in the region was carried out by Cann and Clarke (1993) who 
159 described shallow-water benthic assemblages from surficial sediments collected along a transect (up 
160 to 16 m depth and 90 m from the coastline) adjacent to Woody Island. They found mostly bioclastic 
161 carbonates sediments in which the tests of benthic foraminifera were a major constituent. In 
162 particular, Marginopora vertebralis was abundant in relatively protected areas of algal turf and 
163 seagrasses. According to the authors, this abundance at southern latitudes could be attributed to the 
164 Leeuwin Current, which brings warm waters from the tropics to southwestern Australia, and then 
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165 eastwards, past Esperance into the Great Australian Bight. Moreover, the benthic foraminiferal 
166 assemblages were dominated by Nubecularia lucifuga and Lamellodiscorbis dimidiatus (reported as 
167 Discorbis dimidiatus), with fewer specimens of Textularia spp., Peneroplis planatus, 
168 Epistomaroides polystomelloides, Planorbulina rubra and Elphidium crispum within the grain size 
169 fractions 1.00-0.50 mm and 0.50-0.25 mm. However, the detailed structure of foraminiferal 
170 distribution (like diversity and abundance) and its relationship to depth, sedimentological 
171 parameters and benthic habitat of the Esperance Bay inner shelf remain largely unknown because of 
172 lack of comprehensive studies. 

173

174 Materials and Methods 

175 Thirty-five stations in Esperance Bay were collected using a steel pipe dredge of 10 cm diameter on 
176 March 2017 at depths ranging from 3 to 35 m (Figure 1, Table 1). The steel pipe dredge was 
177 dragged on the seabed to collect surficial sand, as the compact substrate made sampling with a Van 
178 Veen grab difficult. Two subsamples were collected at each site—one for foraminifera and the other 
179 for grain-size and carbonate content analyses. The top centimetre of each sample (0–3 cm) was used 
180 for the analyses.

181 Sediments for grain-size analysis were washed with distilled water and air-dried, and subsequently 
182 representative bulk samples were isolated using the cone and quartering method. The fine fraction 
183 of the sediment (<63 µm) was separated from the sand and gravel fraction through a 63 µm mesh 
184 seave (wet seaving). Then, the fraction greater than 63 µm was dry-separated by sieves spaced at ¼ 
185 phi (ø) per unit (dry seaving the coarser fraction). Textural classification was calculated following 
186 the Folk and Ward (1957) protocols, with median, mean diameter and sorting as descriptive 
187 parameters. Dried samples were powdered, and carbonate content was determined using the 
188 Dietrich-Fruhling calcimeter in order to better characterize the sedimentological type. 

189 Samples for foraminiferal investigation were preserved in ethyl alcohol and treated with Rose 
190 Bengal (Walton, 1952) to distinguish living and dead specimens. In the laboratory, for each 
191 sediment sample, a constant volume of approximately 50 cm3 was washed with water through a 4 ɸ 
192 (63-μm) sieve, dried at 60°C and then weighed. When possible, 300 benthic foraminiferal 
193 specimens were selected from each sample and identified following the generic classifications of 
194 Loeblich and Tappan (1987) and of other taxonomic works (e.g., Cimerman and Langer, 1991; 
195 Debenay, 2012; Hottinger et al., 1993; Yassini and Jones, 1995; WoRMS, 2019). 

196 As the number of living foraminifera was very low (see Appendix 1), the quantitative analysis was 
197 carried out on the total assemblage (living+dead). All broken and discolored tests and test fragments 
198 were interpreted as transported and not included in the count. Only relatively well-preserved tests 
199 were considered to be autochthonous. Our analyses are based on the assumption that the total 
200 assemblage represents a timeaverage of its species richness (Debenay et al., 2003, 2006). The 
201 dissimilarity between living and dead benthic foraminiferal assemblages in the shallow coastal area 
202 of Esperance Bay could be attributed to processes of sedimentary dynamic and the instability of 
203 physicochemical parameters that are unfavorable factors for the development of large living 
204 foraminiferal communities. The relationship between dead and living assemblages has not been 
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205 fully understood yet, due to the small number of investigations (Dimiza et al., 2016; Martins et al., 
206 2016, 2018, 2019a).

207 Foraminiferal species diversity was quantified by Species Richness (S, the number of species in a 
208 sample), Foraminiferal Density (FD, the number of specimens per 1 cm3 of dry sediment), the 
209 Shannon-Weaver index or information function (H) (H = −Σpi ln pi, where pi is the proportion 
210 (n/N) of specimens of one particular species found (n) divided by the total number of specimens 
211 found (N); Shannon and Weaver, 1963), Fisher-α (Fα, extracted from the formula S = a*ln(1 + n/a) 
212 (where S is the number of taxa, n is the number of specimens and a is the Fisher-α) and Dominance 
213 (D), calculated using the PAST statistical software (Hammer et al., 2001).

214 The ecological relationship between foraminifera and phytal substrate was evaluated using the 
215 relative abundance of epiphytic foraminifers espressed as EP index (number of epiphytic/total 
216 foraminifers; Mateu-Vicens et al., 2014). In addition, in order to provide an evaluation of the state 
217 of meadow, the morphotype classification was used to the aim of calculating the FORAM’ 
218 (Foraminifera in Reef Assessment and Monitoring) Index (FI’) following the formula proposed by 
219 Mateu-Vicens et al. (2014). This classification represents a starting point for monitoring of future 
220 changes in foraminiferal composition and seagrass ecological status in a coastal area affected by 
221 intense urbanization. Consequently, when possible, benthic foraminiferal species were assigned to 
222 different morphotypes following the criteria adopted by Langer (1993) and then modified by 
223 Mateu-Vicens et al. (2014), based on their shape, structure, and behavior. According to Langer 
224 (1993), Morphotype A includes sessile, flat, encrusting taxa with long life spans (about 1 year); 
225 Morphotype B comprises temporarily motile species with life spans of 2–5 months; Morphotype C 
226 encompasses permanently motile species, and morphotype D represents permanently motile taxa 
227 with a short life span. Mateu-Vicens et al. (2014) recognizeda fifth group composed by motile 
228 photosymbiotic foraminifera and suggested to assign all the symbiont-bearing species to the new 
229 morphotype SB. Consequently, the classification proposed by Mateu-Vicens et al. (2014) includes 5 
230 categories where Morphotypes B and C are the same of Langer (1993), Morphotype A* 
231 corresponds to the encrusting and sessile forms of Langer’s Morphotype A without symbiont-
232 bearing taxa, Morphotype D* consist of Langer’s Morphotype D opportunistic forms without 
233 symbiont-bearing species and, Morphotype SB encompasses symbiont-bearing species. The 
234 morpothype classification was used to highlight the relationship between foraminiferal distribution 
235 and meadow cover.

236 Multivariate statistical techniques of Q-mode Hierarchical Cluster Analysis (HCA) and Principal 
237 Component Analysis (PCA) were performed using the PAST statistical software (Hammer et al., 
238 2001). Only the 35 species more abundant than 3% in at least one sample were considered for the 
239 statistical analysis. Species relative abundances were normalized and a logarithmic transformation 
240 log(X+1) was performed to reduce the influence of abundant taxa. The HCA was based on 
241 Euclidean-distance correlation coefficients in order to measure similarities, whereas on the Ward's 
242 linkage method to arrange pairs and groups into hierarchic dendrograms. The PCA was carried out 
243 to determine which species were influencing the formation of clusters. Six samples (FS3, FS12, 
244 FS13, SS12, SS13 and SS20) were not considered in the statistical analysis due to the low number 
245 of benthic foraminiferal specimens therein.

246
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247 Results

248 Sediment grain-size and carbonate content

249 Sandy sediments characterized ~98% of the sampling sites (Table 1). The median (D50) values 
250 ranged between -0.03 ɸ (SS23) and 2.92 ɸ (FS15) (Table 1). The mean grain size corresponded to 
251 fine sand (2.03 ɸ), that was found from the shoreline to ~20 m depth (FS2, FS5, FS8, FS11, FS14, 
252 FS15, SS11, SS15, SS18, SS20, SS26), and in the central area of Esperance bay (FS6, FS7, FS13, 
253 SS2, SS4, SS9, SS10, SS21 samples). Coarse sand was found in a sample located in the leeward 
254 side of Limpet Rock (SS23 in Figure 1) and medium sand was widespread in the bay and 
255 represented by the remaining (FS1, FS3, FS10, FS12, SS1, SS5, SS6, SS7, SS12, SS13, SS14, 
256 SS16, SS19, SS24, SS25) sediment samples (Table 1). The sediments ranged from very well to very 
257 poorly sorted [0.31 (FS5) to 1.57 (SS1)], the mean value was 0.62 (moderately well sorted) 
258 indicating that selective transport processes contribute to sediment sorting in <30 m depths (Table 
259 1).

260 The carbonate content ranged from 0.2% (FS3) to 67.1% (SS6), with a mean value of 25.4% (Table 
261 1). At Esperance, carbonate content decreased moving from onshore (up to 60%) to offshore with 0-
262 15% sediment carbonate content within the meadow between 10 and 30 m depth. At depths greater 
263 than 30 m to the maximum investigated depth of 40 m, sediment carbonate content increased again 
264 to ~55%. 

265

266 Benthic Foraminifera

267 The benthic foraminiferal assemblages in the Esperance Bay included a total of 56 genera and 92 
268 species (Appendix 1). The characteristics of the assemblages varied across the study area (Table 2). 
269 Species richness ranged from 2 (SS12) to 39 (FS14), foraminiferal density from 0.06 (FS3) to 
270 1183.33 (SS15) specimens per 1 cm3, and Fisher-α diversity from 0 (FS3) to 12.43 (FS14). The 
271 Shannon-Weaver (H) index had a mean value of 1.70 [min 0.20 (SS12), and max 2.64 (FS14)]. 
272 Dominance values ranged from 0.14 (FS14) to 0.90 (SS12).

273 Agglutinated foraminifera were poorly present, except in samples SS23 (31.05%), SS14 (17.44%), 
274 SS5 (14.99%) and FS7 (8.22%). Porcelaneous tests showed the highest percentages (from 20 to 
275 30%) in FS10, SS5, SS6 and SS25, whereas hyaline foraminifera accounted for the larger part (55–
276 99 %) of the remaining samples (Figure 2).

277 Thirty-five species showed a relative abundance higher than 3% in at least one sample (Table 3), 
278 whereas only the frequency of Cibicides refulgens, Elphidium craticulatum, Elphidium crispum, 
279 Elphidium macellum, Quinqueloculina disparilis, Textularia pseudogramen and Lamellodiscorbis 
280 dimidiatus was greater than 10% in at least one sample. The benthic foraminiferal assemblage was 
281 dominated by L. dimidiatus (12.41–89.04%) and E. crispum (0–50.26%), followed by E. macellum 
282 (0–27.72%), C. refulgens (0–17.81%), T. pseudogramen (0–30.77%), E. craticulatum (0–29.34%), 
283 Q. disparilis (0–10.34%).

284 The benthic foraminiferal assemblage included no less than 82% of epiphytic foraminifera, as 
285 revealed by the EP index, ranging from 0.82 to 1.00 (Table 4). Table 4 reports the categorization of 
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286 epiphytic morphotypes proposed by Langer (1993) and by Mateu-Vicens et al. (2014). The benthic 
287 foraminiferal assemblage of Esperance Bay was mainly dominated by morphotype B species 
288 (temporary motile taxa), followed by morphotype C (motile) and D (permanently motile). There 
289 were not significative differences between the Langer’s categorization and the new classification 
290 proposed by Mateu-Vicens et al. (2014). The permanently attached forms belonging to the 
291 morphotype A and A* were poorly represented in all the investigated samples (Table 4). 
292 Morphotype B ranged from 20.72 to 91.10% (Table 4). Morphotype C varied between 6.13 and 
293 77.98% and it was mostly represented by keeled elphidiids such as E. crispum, E. macellum and E. 
294 aculeatum. The relative abundance of small miliolids belonging to morphotype D and D* ranged 
295 from 0.68 and 39%. The symbiont-bearing peneroplids (SB) showed a very low relative abundance 
296 (from 0 to 3.33%). The FI’ index shows values <2 for the examined sediment samples (Table 4). 

297

298 Q-mode cluster analysis

299 The resulting dendrogram of Q-mode HCA (Figure 3) represents the grouping of samples according 
300 to the relative abundance of benthic foraminiferal species. The dendrogram singled out four main 
301 clusters (I, II, III and IV) at the phenon line drawn at the Euclidean distance of 4.0. 

302 Cluster I (Figure 3) was comprised of 8 samples and it is found in a depth ranging from 5 to 30 m. 
303 The sediment was constituted of medium sand (95.48%, Mz 1.67 ɸ on average) with a low 
304 percentage of gravel 4.34%. The sediment was moderately sorted (0.82 on average; Table 5). 
305 Carbonate content ranged from 0.4% to 66.2% (17.3% on average), with four samples (FS6, FS7, 
306 SS16, SS19) showing a carbonate content <10%. Lamellodiscorbis dimidiatus was the most 
307 frequent species with the variable percentages between 27.63% and 89.04%. Elphidium crispum (0–
308 24.14%), T. pseudogramen (0–30.77%), C. refulgens (0–17.81%) and E. macellum (0–12.60%) 
309 were other species of this assemblage. Elphidium craticulatum showed a high percentage (29.34%) 
310 only in a sample (SS23). Species Richness ranged from 5 to 24, Shannon-Weaver index from 0.45 
311 to 2.10, Fisher-α index between 1.00 and 6.02 (the average value was 3.63), whereas the dominance 
312 showed values between 0.20 and 0.80 (on the average 0.49; Table 5). The foraminiferal density 
313 varied between 1.46 and 212.67 specimens/1 cm3 of dry sediment (mean 65.78). The analysis of 
314 morphotypes revealed a dominance of the B type (27.63–91.10%, mean 73.35%) followed by 
315 groups C (6.13–29.34%, mean 13.41%) and D (0.68–34.47%, mean 9.69%). The morphotypes SB, 
316 A* and A were very rare (<4%). 

317 Cluster II (Figure 3) was found between 30 and 35 m water depth and comprised of 3 samples. 
318 Medium sand or slightly gravelly medium sand characterised the sediment cover (Mz 1.24 ɸ on 
319 average). The sediment was moderately well sorted (0.57 on average). The average value of carbonate 
320 content was 49.07% (from 28.00% to 67.10%; Table 5). Lithoclasts (sedimentary clasts composed of 
321 pre-existing rock types) were abundant in two samples (SS5 and SS6). Lamellodiscorbis dimidiatus 
322 (40.33–43.50%), E. crispum (12.81–16.71%), Q. disparilis (0.28–10.34%), T. pseudogramen (0–
323 7.56%), Triloculina trigonula (0.80–7.27%), Rosalina australis (1.91–6.10%) and Textularia 
324 truncata (1.59–5.18%) were the most abundant species (Table 5). Species Richness ranged from 22 
325 to 30, H index from 1.99 to 2.24, F-α index values between 5.10 and 7.73 (the average value is 6.34), 
326 whereas dominance showed values between 0.20 and 0.24. The foraminiferal density varied between 
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327 10.49 and 38.22 specimens/1 cm3 of dry sediment (mean 26.71). The morphotype B (temporary 
328 motile species) characterized this cluster, ranging from 20.80 to 53.58%. The permanently-attached 
329 forms of morphotype A were infrequent (0–4.74%, mean 1.58%), whereas groups D (17.15–38.96%, 
330 mean 27.63%) and C (12.81–41.61%, mean 23.80%) were common. The permanently attached forms 
331 A* was absent and SB ranged from 0 to 1.09% (mean 0.36%).

332 Cluster III (Figure 3) groups 8 samples, between 5 and 34 m water depth. Sediments were generally 
333 composed of fine sand (Mz 2.12 ɸ on average), but medium sand content was relevant in some 
334 sampling stations (FS10, SS1, SS25). The sediment was moderately well sorted, whereas the average 
335 value of carbonate content was 17.71%, with four samples characterized by a percentage <10%. 
336 Elphidium crispum was the most frequent species with the variable percentages between 16.04% and 
337 50.26%, followed by L. dimidiatus (17.36–38.56%), E. macellum (2.78–27.72%), C. refulgens (0–
338 14.75%), Bolivina pseudoplicata (0–9.43%), Neoconorbina terquemi (0–8.68%), Quinqueloculina 
339 poeyana (0–7.84%), Q. seminula (0–7.55%) and Miliolinella subrotunda (0–6.94%; Table 5). The 
340 Species Richness values (Fig. 3A) ranged between 9 and 29 (mean, 19.38), whereas the H was 
341 relatively high (1.22–2.35), with an average value of 1.93. The F-α index ranged from 1.65 to 8.04 
342 (5.19 on average) and dominance from 0.16 to 0.36 (Table 5). The FD did not show very elevated 
343 values, ranging between 1.65 and 142.96 specimens/1 cm3 of dry sediment (mean 60.00; Table 5). 
344 The morphotype analysis revealed the prevalence of temporary motile forms of morphotype B 
345 (20.72–55.48%, mean 43.59%), followed by morphotypes C (22.22–77.98%, mean 38.82%) and D 
346 (1.04–30.72%, mean 13.49%). The permanently-attached forms (A) were rare (0–3.43%, mean 
347 0.59%). The difference of this cluster with respect to II is mainly related to the lower value of the 
348 relative abundance of the morphotype D linking to a relative decreasing in smaller porcelaneous 
349 species.

350 Cluster IV (Figure 3) includes 10 samples located in the shoreface from the coastline to -5 m, 
351 except for SS2 collected at 31 m depth (Table 5). The sediment was constituted of well sorted, fine 
352 sand (99.90%, Mz 2.56 ɸ on average). Carbonate content ranged from 29.2% to 58.1% (44.73% on 
353 average). Lamellodiscorbis dimidiatus was the most frequent species with the variable percentages 
354 between 12.41% and 46.31%. Elphidium crispum (22.76–40.84%), C. refulgens (0–9.12%), 
355 Chrysalidinella dimorpha (0–7.51%), M. subrotunda (1.04–6.76%), E. macellum (0–6.57%) and 
356 Rugobolivinella elegans (0–6.57%; Table 5) were other species of this assemblage. Species 
357 Richness ranged from 16 to 39, H from 1.63 to 2.64, Fisher-α index values between 3.45 and 12.43 
358 (the average value was 6.90), whereas the dominance showed values between 0.14 and 0.31. The 
359 foraminiferal density varied between 67.00 and 1183.33 specimens/1 cm3 of dry sediment (mean 
360 420.72; Table 5). The analysis of morphotypes revealed a dominance of the B type (20.80–54.26%, 
361 mean 40.37%) followed by groups C (26.42–43.66%, mean 34.11%) and D (6.23–17.15%, mean 
362 11.75%). The morphotypes A ranged from 1.14 to 5.37% (mean 2.86%), whereas SB and A* were 
363 very rare (<3%). 

364 In PCA, 31.6% of the data variance can be explained by the first two principal components (Figure 
365 4A), and 30.7% of it by the first and third principal components (Figure 4B). The eigenvalues of 
366 components 1, 2 and 3 were 6.5, 4.5 and 4.2 respectively (Figure 4C). The percentages of C. 
367 dimorpha, Planulinoides biconcava, R. elegans, Planoglabratella opercularis and T. pseudogramen 
368 were the predominant elements in the first component, while the major contributions in the second 
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369 component were from M. subrotunda, T. truncata, Triloculina striatogonula, and Siphonaperta 
370 dilatata. In the third component the predominant elements were E. aculeatum, B. pseudoplicata, Q. 
371 seminula, Miliolinella elongata and Cibicidoides pachyderma. 

372 PCA analysis placed the stations in approximately the same groups as obtained with Q-mode cluster 
373 analysis. Accordingly, those sites on the right part of the diagram (component 1 vs component 2; 
374 Figure 4A), belonging to Cluster IV and III (except FS10, SS9, SS21, SS25; Figure 4A) can be 
375 assumed to contain sediment with high values of P. biconcava, C. dimorpha, R. elegans, E. crispum 
376 whereas those on the left part (Cluster II and two samples of Cluster III) are characterized by high 
377 relative abundance of T. pseudogramen, Agglutinella arenata, S. dilatata and T. truncata (Figure 
378 4A), whereas samples of Cluster I appear characterized by higher percentages of L. dimidiatus, E. 
379 craticulatum and Cibicidoides lobatulus (Figure 4A).

380 PCA analysis (component 1 vs component 3; Figure 4B) grouped the sampling sites (Cluster IV and 
381 III) with high percentages P. biconcava, C. dimorpha, R. elegans, P. opercularis and E. crispum at 
382 right on the diagram, while the stations with high values of T. pseudogramen, A. arenata, T. truncata 
383 and Q. disparilis (samples of Cluster I and II; Figure 4B) are at the bottom left. The samples that 
384 contained important relative abundance of E. aculeatum, B. pseudoplicata, Q. seminula, M. elongata 
385 (SS21, SS25, FS7, FS10) are at the upper-central part (Figure 4B).

386

387 Discussion

388 Benthic foraminiferal assemblages represent a prominent component in the benthic community of 
389 Esperance Bay. Our results show a strong correlation between the phytal substrate and the benthic 
390 foraminifera structure and distribution, in fact, at Esperance Bay, benthic foraminiferal assemblage 
391 includes no less than 82% of epiphytic foraminifera. 

392 The Q-mode HCA indicates a zonation of the Esperance Bay into four clusters corresponding to 
393 four foraminiferal assemblages that can be interpreted as biotopes reflecting different ecological 
394 conditions of the seabed (Scott et al., 2001). These biotopes indicate a transitional zone from the 
395 coastline to the upper limit of a mixed seagrass-algae meadow and sediment cover (Cluster IV), a 
396 nearshore environment with a continuous seagrass meadow (Cluster I), a central sector 
397 characterized by a discontinuous and mixed seagrass-algae coverage (Cluster III) and by 
398 unvegetated seabed at approximately 30 m depth (Cluster II). Figure 5 shows the geographic 
399 distributions of these four benthic foraminiferal clusters.

400 Transitional zone from the coastline to the upper limit of the mixed seagrass-algae meadow (Cluster 
401 IV: Elphidium crispum assemblage - additional common species: C. dimorpha, P. biconcava, P. 
402 opercularis, R. elegans, L. dimidiatus).

403 This assemblage dominates the shoreface between the coastline up to 10 m depth. The only 
404 exception is SS2 sample located in the central part of the Bay (around 30 m depth), approximately a 
405 kilometre West of Limpet Rock, that could be interpreted as a dumping site with the accumulation 
406 of dredging disposal ground, regularly undertaken within the harbours of Esperance at West and 
407 Bandy Creek in the central part of the Bay (De Muro et al., 2018). The transitional zone is 
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408 characterized by fine sediments with a discrete amount of carbonate content and a mixed seagrass 
409 meadow. In this mixed siliciclastic-carbonatic sediment, high foraminiferal density (FD>300 
410 specimens per 1 cm3 of dry sediment) was mainly recorded in the shoreface zone from the coastline 
411 to 10 m depth. This area was characterized by the highest values of species richness and other biotic 
412 indices. Elphidium crispum dominated this assemblage associated to C. dimorpha, P. biconcava, P. 
413 opercularis, R. elegans, L. dimidiatus. The high relative abundance of E. crispum is typical of sandy 
414 or sandy-mud infralittoral/circalittoral bottoms, well-oxygenated environment with a vegetation 
415 meadow present in areas nearby (Buosi et al., 2012; 2013a; Milker et al., 2009). This species is also 
416 well-documented in the Mediterranean basin where lives as epiphytic form within the Posidonia 
417 oceanica meadow (Frezza et al., 2011; Langer, 1993; Mateu-Vicens et al., 2010). This sector is also 
418 characterized by a moderate energy originated by longshore littoral currents and waves. The 
419 presence of C. dimorpha that was found in the coastal environment of Exmouth Gulf characterized 
420 by spring-tide velocities about 0.5 m s-1 in deep areas, 1 m s-1 on shallow open flats, and several 
421 metres per second in tidal channels (Brown, 1988), may substantiate this hypothesis. The other 
422 species (L. dimidiatus, P. biconcava, P. opercularis) that characterized this environment are very 
423 common in the shallow coastal waters of Australia (Collins, 1974) and New Zealand (Hayward, 
424 1982). 

425

426 Nearshore environment with a continuous seagrass meadow (Cluster I: Lamellodiscorbis dimidiatus 
427 assemblage - additional common species: E. craticulatum, E. crispum, C. lobatulus, T. 
428 pseudogramen, R. australis)

429 This biotope includes sampling sites located in the nearshore zone around from 5 to 20 m depth. 
430 The only exceptions are samples SS23 located in leeward side of Limpet Rock at about 25 m depth 
431 and FS7 that was collected in the central area of the Bay at about 30 m depth. The marine 
432 environment was characterized by medium sand and the presence of a continuous seagrass meadow 
433 with typical epiphytic foraminifera (L. dimidiatus, E. crispum, C. lobatulus, R. australis). The 
434 higher relative percentages of epiphytic species can be attributed to the presence of continuous 
435 seagrass beds that provide a sheltered environment with a diversity of nichness in terms of food 
436 supply and physical habitats for fixed and mobile foraminifera (Langer, 1993). Furthermore, 
437 seagrass rhizomes act as sediment traps and the leaves are often colonized by sessile foraminifera, 
438 filamentous algae, bryozoans, hydrozoa, and sponges, and may also be encrusted by coralline red 
439 algae (Vénec-Peyré, 1984). Lamellodiscorbis dimidiatus was the most abundant species, however 
440 the presence of E. craticulatum and T. pseudogramen reached relevant percentages (around 30%) in 
441 the sediment gathered in the leeward side of Limpet Rock. These sectors can be interpreted as the 
442 most sheltered areas of the embayment from ocean swell waves, where seagrasses form denser and 
443 more continuous meadows. This is indicated by the highest relative abundance of epiphytic 
444 encrusting species, symbiontic-bearing taxa and the presence of E. craticulatum. Indeed, in 
445 literature, this species is reported as mixotrophic, chloroplast-retaining taxa, capable to support 
446 highly variable nutrient conditions, hypo-salinity, high-turbidity, low oxygen, low water energy and 
447 reduced water circulation, occurring in habitats at the upper limits of symbiont-bearing species 
448 (Narayan and Pandolfi, 2010; Palmieri, 1976; Renema, 2008). Textularia pseudogramen, E. 
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449 crispum, C. lobatulus and R. australis are cosmopolitan species, typical of tropical/temperate 
450 shallow-water (Collins, 1974; Montaggioni and Vénec-Peyré, 1993; Quilty and Hosie, 2006). 

451

452 Central sector of the Bay with a discontinuous and mixed seagrass-algae coverage (Cluster III: 
453 Lamellodiscorbis dimidiatus-Elphidium crispum assemblage - additional common species E. 
454 macellum, C. refulgens, Q. poeyana, Q. seminula)

455 This biotope includes sampling sites located in the central area of the Bay at around 20 to 35 m 
456 depth. Only sample FS15 was collected near to the entrance of Esperance Harbour at about 5 m 
457 depth. The seabed is characterized by fine-medium sand and a discontinuous and mixed seagrass 
458 meadow. Low populations abundance recognized in this central zone could be mainly related to 
459 high sediment mobility and active reworking as also shown by the lower content of carbonate 
460 component in these sediments. This sediment is likely transported to the East by the seasonal 
461 longshore current (Ryan et al., 2007; Sanderson et al., 2000). According to Tecchiato et al. (2019), 
462 this central area is characterized by an alternating of dense seagrass meadow and mixed seagrass, 
463 macroalgae and sand benthic habitat associated with anchoring scours that impacted the seabed. 
464 These scours may be linked to the boats approaching the Port of Esperance located on the West side 
465 of the Bay (Figure 1). The low abundance of benthic foraminifera at these sites corresponds to an 
466 area of fragmentation of the seagrass meadow, where unvegetated seabed patches are present. 
467 Carbonate sediment constituents (including foraminiferal tests) are transported onshore from the 
468 seagrass meadow by ocean currents (Tecchiato et al., 2019). This environment showed a benthic 
469 foraminiferal assemblage very similar to the transitional zone from the coastline to the meadow’s 
470 upper limit (Cluster IV), from which it differed by the increased relative abundance of E. macellum, 
471 C. refulgens and Quinqueloculina spp. (Q. poeyana, Q. seminula) and a lesser abundance of R. 
472 elegans. Among these species, Q. seminula was reported from a wide range of natural and 
473 anthropized environments, such as Mediterranean lagoons, marshes and coastal areas (Buosi et al., 
474 2013b; Frezza and Carboni, 2009; Sgarrella and Moncharmont Zei, 1993) and inner-shelf zones of 
475 Australia and New Zealand (Hayward et al., 1999; Narayan and Pandolfi, 2010; Quilty and Hosie, 
476 2006). This species exhibits a potentially opportunistic behaviour and it is considered capable of 
477 surviving the early stages of anoxia, but sensitive to prolonged anoxia in combination with 
478 sulphides (Langlet et al., 2014). Quinqueloculina seminula also occurred in moderately sheltered 
479 shallow coastal areas located in bays and inside harbour entrances (Hayward et al., 1999). 
480 According to Martins et al. (2019b), Q. seminula can survive in environments with unstable 
481 substrate. Cibicides refulgens, Q. poeyana and E. macellum are dominant in shallow sites marine 
482 environments. In particular, E. macellum is a major component of shallow (0–20 m) normal marine 
483 benthic communities around the Australian coasts, often in association with Quinqueloculina, 
484 Spiroculina, Triloculina, Discorbis and other species of Elphidiidae (Cann et al., 1988; Hayward et 
485 al., 1997). This benthic foraminiferal assemblage was similar to that found in the “Harbour 
486 Biotope” of Twofold Bay (Eden, SE Australia; Dean and De Deckker, 2013). Considering the 
487 proximity of this area to the entrance of Esperance Harbour, and to hypothesize for this 
488 environment that the maritime traffic could have several impacts. In fact, boats approaching to the 
489 port could cause turbidity, pollution and toxicity with the consequently development of a 
490 discontinuous mixed seagrass-algae meadow. The seabed in this zone is also affected by evident 



14

491 anchoring scours, as reported by Tecchiato et al. (2019). These environmental perturbations seem to 
492 affect the benthic foraminiferal assemblage with the presence of potentially opportunistic species 
493 (like Q. seminula, E. macellum). 

494

495 Unvegetated seabed in the central area of the Bay (Cluster II: Lamellodiscorbis dimidiatus-
496 Elphidium crispum-Quinqueloculina disparilis assemblage - additional common species T. 
497 pseudogramen, T. trigonula, R. australis, T. truncata and A. arenata)

498 This assemblage was recognized in the unvegetated portion of seabed located in the central area of 
499 the Bay, at around 30-35 m depth. The sediment was composed of medium sand with high 
500 percentage of carbonates. The benthic foraminifera assemblage was dominated by L. dimidiatus and 
501 E. crispum associated with an increasingly abundance of Q. disparilis and agglutinated-wall 
502 foraminifera (T. pseudogramen, T. truncata and A. arenata). According to Ryan et al. (2008), this 
503 sector is characterized by a great availability of sandy sediments and corresponds to the “bare sand” 
504 facies. This mostly planar benthic habitat occurs throughout the inner bay and on the lee side of 
505 islands and appears linked to moderate-low wave exposure. The increasingly abundance of 
506 agglutinated-wall foraminifera (T. pseudogramen, T. truncata and A. arenata) could be related to 
507 the higher availability of sandy sediments. In fact, for agglutinated species, the sediment is not only 
508 a habitat but also a source of material for test building (Armynot du Châtelet et al., 2013). For 
509 example, Buosi et al. (2012) observed an increase of the proportion of agglutinated foraminifera in 
510 sandy sediment of the Strait of Bonifacio (between Sardinia and Corsica, Mediterranean Sea), 
511 where infaunal species (like the genus Textularia), provided to thick test, are enables them to live in 
512 coarser surface sediment, heavily influenced by hydrodynamics. Moreover, in the Marmara Sea, 
513 sand favours the settlement of agglutinated species, whereas silt sediment is important for shell 
514 development (Armynot du Châtelet et al., 2013). The Cluster II assemblage appeared consistent 
515 with that observed in the shallow environment along a transect adjacent to Woody Island (Cann and 
516 Clarke, 1993), where sediments were dominated by L. dimidiatus (reported as D. dimidiatus) and N. 
517 lucifuga, associated with other common species: Textularia spp., P. planatus, Planorbulina spp. 
518 and E. crispum. According to Cann and Clarke (1993), the highest abundance of N. lucifuga can be 
519 attributed to wave sorting. In fact, this species has denser and thicker test with heavier walls and 
520 chambers often arrange in a more planar way. Consequently, it tends to accumulate in the lee side 
521 of topographic highs, like Woody island. Marginopora vertebralis was also observed in a small bay 
522 on the northern side of the island, in water depths of 2-20 m relatively protected from the strong 
523 wave activity associated with both the summer swell and winter storms of the Southern Ocean 
524 (Cann et al., 1993). This species normally prefers a tropical environment and its abundance at 
525 Esperance Bay, facing the cool Southern Ocean, can be attributed to the Leeuwin Current (Cann 
526 and Clarke, 1993).
527
528 Epiphytic Assemblages 

529 The sediment samples of Esperance Bay were characterized by epiphytic foraminifera assemblages 
530 as revelead by the Ep index (Table 4). The composition and diversity of these epiphytic 
531 communities seemed influenced by the structure of the meadow. At Esperance, Morphotype B 
532 foraminifera (temporary attached species) was the most represented group in the bay, followed by 
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533 Morphotype C (suspension feeding, motile species) and D (permanent motile, grazing epiphytes). 
534 These species have short life cycles and they are able to rapidly increase their abundance when the 
535 environmental conditions are favourable (Martins et al., 2018). Permanently attached forms 
536 belonging to morphotype A (permanently attached forms), A* (long-living sessile attached forms) 
537 and SB (sessile, symbiont bearing) were poorly represented in all the investigated samples. The 
538 lower relative abundance of these morphotypes could indicate stressed conditions of the seagrass 
539 meadow, in agreement with the FI’ values ≤2 (Table 4). Morphotype B was the most abundant in all 
540 sectors of the bay, which is explained by the fact that this morphotype mostly consists of L. 
541 dimidiatus. This species is characteristic of shallow marine environments (water depth of about 20 
542 m) of the Australian coast, where it dominates foraminiferal assemblages (Cann et al., 2002).
543 The relative abundance of taxa belonging to Morphotype A* (long-living sessile attached forms) 
544 was the highest in Cluster I and it appears consistently with the presence of a continuous seagrass 
545 meadow in the seabed. Cluster I groups samples collected in the most sheltered areas of the 
546 embayment from ocean swell waves, where seagrasses form denser and more continuous meadows. 
547 In the other sectors of the bay, the almost total lack of encrusting and symbiont-bearing 
548 foraminifera can be related to turbidity and related low-light conditions that often occur in high 
549 energy transitional environment located from the coastline to the upper limit of the seagrass 
550 meadow (Cluster IV) and in proximity of the entrance of Esperance Harbour (Cluster III). In fact, 
551 boats approaching to the port contribute to the development of a discontinuous mixed seagrass-
552 algae meadow causing anchoring scours, turbidity, pollution and the increasing of organic matter 
553 content. These perturbations affect the symbiont-bearing foraminifera assemblages and favour the 
554 presence of potentially opportunistic species belonging to morphotype D (like miliolids and 
555 textularids) and heterotrophic forms B and C that have a relatively short life span and are able to 
556 quickly react to environmental changes. 
557 In Cluster II, Morphotype B and D showed similar relative abundances, with non-negligible amount 
558 of Morphotype C. Samples belonging to this cluster were collected in the unvegetated portion of 
559 seabed with a high sediment content. Lamellodiscorbis dimidiatus (morphotype B), E. crispum 
560 (morphotype C), Q. disparilis and agglutinated-wall foraminifera (morphotype D) were the main 
561 foraminiferal species, able to live in an environment characterized by a great availability of sandy 
562 sediments. In fact, this is an area of biogenic sediment deposition adjacent to the lower limits of the 
563 meadow. 
564 The analysis of epiphytic assemblages and their morphotypes may represent a starting point for 
565 monitoring future changes of the seagrass meadow’s state and ecological conditions, using the 
566 percentages of epiphytic foraminiferal morphotypes, and related sedimentological parameters as 
567 indicators of changes. In addition, this study provides useful information for a proper interpretation 
568 of the fossil record and for comparing Mediterranean and Australian Posidonia-dominated 
569 environments. In fact, as recently published, the presence of the seagrass meadow, especially 
570 Posidonia sp., outlines similar nearshore settings between the coastal areas of South Australia and 
571 Mediterranean basin (De Muro et al., 2018; Tecchiato et al., 2016), where Posidonia meadow 
572 supports abundant benthic biota, including numerous epiphytic organisms (bryozoans, mollusks, 
573 and foraminifers) that contribute to the production of carbonate sediments (Pergent et al., 1995). In 
574 the Mediterranean basin, this biogenic sediment mainly deposits within the meadow, in the 
575 intermattes and in the uncolonized seabed adjacent to the upper and lower limits of the meadow, 
576 contributing to increase the carbonate content of these sediments (e.g., De Muro et al., 2008, 
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577 2010a,b, 2017a,b; Ruju et al., 2018; Simeone et al., 2008). Further studies are thus required to better 
578 outline differences and similarities in the distribution of benthic foraminiferal assemblages in 
579 Mediterranean and Australian shallow water environmts characterized by the presence of Posidonia 
580 meadow. 

581

582 Conclusions

583 The microtidal wave-dominated inner-shelf of Esperance Bay shows a diversified benthic 
584 foraminiferal fauna, with 92 species identified. High foraminiferal density was mainly recorded in 
585 the shoreface zone from the coastline to 10 m depth, whereas low population abundance was 
586 recognized in the central zone at about 20-30 m depth. Four foraminiferal assemblages dominated 
587 by epiphytes were distinguished by Q-mode HCA. Sediment texture, seagrass coverage, depth and 
588 shoreface morphology can be considered the main parameters influencing the distribution of 
589 species. The transitional zone from the coastline to the upper limit of the mixed seagrass-algae 
590 meadow is characterized by E. crispum, C. dimorpha, P. biconcava, P. opercularis, R. elegans and 
591 L. dimidiatus on well sorted, mixed bioclastic-siliciclastic, fine sand. Towards offshore, the benthic 
592 foraminiferal assemblage of the continuous seagrass meadow is dominated by L. dimidiatus, E. 
593 craticulatum, E. crispum, C. lobatulus, and T. pseudogramen, on moderately sorted, medium sand. 
594 The central sector of the bay that is covered by a discontinuous and mixed seagrass-algae meadow 
595 shows a predominance of L. dimidiatus, E. crispum, E. macellum, C. refulgens, and Q. poeyana on 
596 moderately well sorted, fine sand; whereas, the areas characterized by unvegetated seabed at 
597 approximately 30 m depth reveal an assemblage dominated by L. dimidiatus-E. crispum, Q. 
598 disparilis with additional common species like T. pseudogramen, T. truncata, T. trigonula, and R. 
599 australis on medium sand and slightly gravelly medium sand. 

600
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954

955 Figure Captions

956 Figure 1 – Study area and location of sampling sites in the Esperance Bay (SW Australia). The 
957 coordinate system used was UTM WGS84 Zone50S. 

958 Figure 2 – Ternary diagram of benthic foraminiferal tests composition.

959 Figure 3 – Dendrogram with imaginary vertical line (phenon line) to define 4 groups (clusters I, II, 
960 III, IV) based on Q-mode Hierarchical Cluster (HCA) of the samples from the inner shelf of 
961 Esperance Bay, produced using Euclidean distance. 

962 Figure 4 – PCA ordination diagram plotting componenst 1, 2 and 3 of sampling based on the 
963 percentage of the most frequent species. A: Component 1 vs Component 2; B: Component 1 vs 
964 Component 3; C: eigenvalues of components.

965 Figure 5 – Geographic distributions of the four benthic foraminiferal clusters according to the HCA 
966 of the samples from the inner shelf of Esperance Bay. 

967

968 Table Captions

969 Table 1 – Geographic coordinate of sampling station, water depth, sediment classification, grain-
970 size statistics and parameters, and carbonate content. The coordinate system used was UTM 
971 WGS84 Zone50S. 

972

973 Table 2 – Benthic foraminiferal biotic indices.

974 Table 3 – Relative abundance of the thirty-five species showing a relative abundance higher than 
975 3% in at least one sample.
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976 Table 4 – Relative abundance of the epiphytic Morphotypes according to Langer (1993) and Mateu-
977 Vicens et al. (2014) in the investigated area.

978 Table 5 – Range values of relative abundance of main benthic foraminifera species, depth, sediment 
979 component and grain-size parameters, and biotic indices of the four clusters identified in the studied 
980 area.

981

982 Supplementary Materials

983 Appendix 1 – List of species identified in this study. 














