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Abstract. The Red Sea is globally recognized for its exceptional diversity of marine environments despite
relatively high salinities (39—41). Unfortunately, as elsewhere, anthropogenic activities are degrading coastal
environments, including coral reefs. We examined foraminiferal distributions to assess the ecological status
of coral reef environments in the coastal area of the Ras Mohamed Nature Reserve (RMNR) in the southern
Sinai coastal region. Sediment samples were collected in mangrove, shallow-lagoon, nearshore, and coral reef
habitats. Overall, 95 species were recorded. Five benthic foraminiferal species that host algal symbionts dom-
inated the assemblages, representing ~ 60% of the assemblages, along with one porcelaneous heterotrophic
species (Quinqueloculina seminulum; ~ 8 %). The symbiont-bearing species were three porcelaneous forms
(Amphisorus hemprichii, Peneroplis pertusus, and P. planatus) and two hyaline taxa (Amphistegina lobifera
and A. lessonii). Peneroplis and Amphisorus dominated shallow-bay and mangrove channel assemblages, where
carbonate sediments predominated, whereas Amphistegina were most abundant in reef sediments. The results
of diversity and heterogeneity indices, including the Shannon—Wiener index (H'), the Simpson index (D), and
the evenness index (E), were remarkably consistent. The foraminiferal assemblages are characterized by low
diversity (H'), low evenness, and often high dominance (D). Values of the FORAM Index consistently exceeded
four, indicating water quality suitable for carbonate production and accretion. Relatively high percentages of
foraminifers were collected live (stained), with up to 18 % of the total assemblage in some localities. The low
a-Fisher indices and commonly observed “abnormal” peneroplid and soritid specimens reflect that these met-
rics must be used with caution when assessing tropical-subtropical shallow-water assemblages in hypersaline
environments. Benthic species that host algal symbionts represent a tiny fraction of total numbers of benthic
species, yet photosynthesis by the algal symbionts allows the dominance of those few in clear, shallow, reef-
associated waters where particulate food is limited. In addition, morphological variability is extremely common
in peneroplids and soritids for reasons not fully understood.

ment (National Voluntary Review, 2016).

the oceans, seas, and marine resources for future develop-

The Government of Egypt is committed to conserving its ma-
rine resources for sustainable development. Egypt is 1 of the
22 early-starter countries presenting national reviews in the
first High-Level Political Forum (HLPF) since the adoption
of Agenda 2030 and the Sustainable Developments Goals
(SDGs), championing the course for the future. Sustainable
Development Goal 14 aims to conserve and sustainably use

Coral reefs are among the most valuable ecosystems on
Earth, thanks to their remarkable biological diversity, in addi-
tion to economic and environmental services provided to mil-
lions of people. Anthropogenic activities along coastal areas
are stressing coral reef ecosystems worldwide through pollu-
tion, coastline development, sedimentation, overfishing, and
other activities (e.g., Bryant et al., 1998; Pandolfi et al., 2003;
Eddy et al., 2021).
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The Red Sea coastal areas are experiencing rapid urban-
ization associated with petroleum production and other in-
dustries, including tourism, which is a major component of
the economy of surrounding countries (Schwartz, 2005; Job-
bins, 2006). Coral reefs near urban and industrial centers
have been damaged by many activities in watersheds and
coastal zones, including clearing of coastal vegetation (e.g.,
mangroves), landfilling and dredging, port activities, and dis-
charge of sewage and other pollutants, in addition to tourism
(e.g., Wilkinson, 2008; Hulver et al., 2022). Tourism pro-
vides Egypt with its main source of foreign revenue. Hun-
dreds of thousands of jobs are related directly or indirectly to
touristic activities, including along the Red Sea coastal area.
Degradation of the marine and coastal environments is the
direct effect of environmental disturbance (Naumann et al.,
2015), which reduces the potential for sustainable develop-
ment (PERSGA, 2010).

The Sinai coastal area is noted for its fabulous coral reefs,
particularly in the Ras Mohamed Nature Reserve (RMNR).
As tourism and related human activities continue to increase
in this area, efforts to protect the reefs remain a top environ-
mental concern for the government of Egypt. Moreover, the
coral reefs of RMNR may act as stepping stones for gene
flow, connecting populations in the Red Sea more generally
(Turak et al., 2007). This area provides essential sources of
coral recruits for the recovery of coastal and nearshore coral
populations that have been damaged in recent decades. To
promote sustainable management, additional approaches are
essential to evaluate the status and sustainability of Egypt’s
coral reef ecosystems.

The phylum Foraminifera represents the most abundant
shelled organisms in marine and brackish water habitats
worldwide and are important components of marine sedi-
ments (e.g., Murray, 1973, 2006, 2014). Reef-dwelling and
other coastal benthic foraminifers are easy to collect, and
their shells are generally sufficiently abundant to provide
an adequate statistical base, even in small-volume samples.
Foraminifers have relatively short life cycles, are sensitive to
environmental changes, and react quickly to environmental
stresses (Hallock et al., 2003; Donnici et al., 2012; Bergamin
et al., 2019). Benthic foraminifers have long been used in pa-
leoenvironmental studies and are widely used for ecological
assessment, providing early-warning indicators for environ-
mental hazards worldwide (e.g., Schonfeld et al., 2012; Praz-
eres et al., 2020). In recent decades, studies of foraminiferal
assemblages have contributed to understanding of environ-
mental problems in coastal marine ecosystems (e.g., Kouk-
ousioura et al., 2011; Sabbatini et al., 2014). With develop-
ments in biotic indices, studies of benthic foraminifers are
increasingly applied in assessments of ecological quality in
marine and transitional waters (O’Brien et al., 2021, and ref-
erences therein).

Hallock et al. (2003) developed a numerical index for
relating water quality to coral reef health known as the
Foraminifera in Reef Assessment and Monitoring Index
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(FORAM Index). This index quantifies the suitability of
an environment to support calcifying organisms that host
algal endosymbionts (i.e., many coral and larger benthic
foraminiferal taxa) and, thus, the accretion of carbonate sed-
iments including those that form coral reefs. Larger ben-
thic foraminifers (LBFs) contain algal endosymbionts whose
photosynthetic activity aids in calcification and organic car-
bon production for foraminifers in the same way that Sym-
biodiniaceae are beneficial for coral (Hallock, 1999). The en-
dosymbionts limit the occurrence of algal symbiont-bearing
foraminifers and coral to the photic zone, where they thrive
in clear, nutrient-poor waters (Hallock et al., 2003). There-
fore, the abundance of symbiont-bearing foraminifers should
parallel coral abundance if water quality is a major environ-
mental control. The FORAM Index has been applied suc-
cessfully in many coral reef environmental studies, including
Australia (Uthicke and Nobes, 2008; Uthicke et al., 2010),
Florida, USA (Williams, 2009), Puerto Rico (Oliver et al.,
2014), Brazil (Kelmo and Hallock, 2013), Indonesia (Gita-
putri et al., 2013), the Maldives (Pisapia et al., 2017), and
elsewhere (see Prazeres et al., 2020, and references therein).
Moreover, the FORAM Index has been applied in non-reefal
environments such as subtropical estuaries (Carnahan et al.,
2009; Narayan and Pandolfi, 2010) and the eastern Mediter-
ranean Sea (Koukousioura et al., 2011).

This study explores three primary questions. (1) What ben-
thic foraminiferal taxa thrive in coastal habitats of RMNR?
(2) Do foraminiferal assemblages indicate that water quality
supports the predominance of algal symbiont-bearing taxa?
(3) How does the FORAM Index compare with common
diversity indices when working in coral reef ecosystems?
This study is focused on distribution, density, and diversity
of benthic foraminiferal assemblages associated with reef-
associated ecosystems of Egyptian Red Sea coastal area as
part of a more extensive project comparing foraminiferal as-
semblages in the southern Red Sea (Al Bawdi island, Yemen,;
BadrElDin et al., 2022), northern Red Sea (Ras Mohamed
Nature Reserve, Egypt; the current work), and southeastern
Mediterranean Sea (Abu Qir coastal area, Egypt; BadrElDin
and Hallock, 2022, 2023).

1.1 Regional setting

The Red Sea is a “baby ocean” that was born as a rift
basin during the Late Oligocene, with an age of ~25Ma
(Bosworth, 2015). Created by slow seafloor spreading and
flooding during the middle Miocene (Taviani, 1998), the
western boundary of the Arabian plate includes the Red Sea
and the Gulf of Aqaba—Dead Sea transform fault, with a
northeasterly direction of movement (Rasul et al., 2015). The
length of the Red Sea is ~ 2000 km, with an average width
of ~ 280 km (Parker et al., 2012). The waterbody bifurcates
into the Gulf of Aqgaba in the east and the Gulf of Suez in
the west. In the north, the Red Sea was detached from the
Mediterranean Sea during the Pleistocene and then was re-
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connected in 1869 by the opening of the Suez Canal. The
Red Sea is connected to the Gulf of Aden in the south through
Bab-el-Mandeb strait (Siddall et al., 2004).

The southern Sinai is characterized by an arid climate with
negligible precipitation. Air temperatures range from 15—
35 °C in winter and from 20-45 °C in summer (Parker et al.,
2012). Water temperatures fluctuate between 20 and 27 °C,
and the evaporation rate is about 2000 mm per year, resulting
in relatively high salinities (39-41 psu). The tidal regime is
micro-tidal, with 0.6 m tides in the gulfs of Aqaba and Suez
(Parker et al., 2012). The current phase of coral reef growth
in the Red Sea is believed to have begun about 6000 years
ago on the Sudanese coast (Braithwaite, 1982).

The Ras Mohamed Nature Reserve (RMNR) is located
at the southern tip of the Sinai Peninsula, where the Red
Sea bifurcates into the gulfs of Aqaba and Suez (Fig. la—
b). Declared a protected national nature reserve (by law
120, 1983), the reserve includes a mainland sector domi-
nated by siliciclastic sedimentation and an elongated penin-
sula of mixed siliciclastic and carbonate sediments (Nasr et
al., 1997). The peninsula serves as an eastern border to an ex-
tensive reefal shoal. Diverse coastal marine habitats, includ-
ing mangrove forests, hypersaline lagoons, sandbanks, coral
reef ecosystems, and other geomorphological features, make
RMNR a unique area for ecological and environmental stud-
ies. Ecosystems within the reserve are threatened by anthro-
pogenic influences including (i) the dramatic increase in the
international trade through Red Sea and Suez Canal; (ii) the
continuous increase in tourism activity; (iii) the progressive
urbanization of coastal areas along the gulfs of Agaba and
Suez; and (iv) exploration, extraction, and transport of oil
and gas. Global climate change adds further risk for RMNR
ecosystems.

2 Materials and methods

2.1 Sampling

Samples were collected in December 2021 and included 26
sets of surface sediment samples collected along seven tran-
sects in the coastal area of RMNR (Fig. 1b—g). Sampling was
conducted during low tide to determine whether the shallow
stations were subject to aerial exposure. Four transects were
sampled along the southeastern coast of the mainland area
(Fig. 1b), where three sets of samples were collected each
from Breaka Bay (BR), Camp Site (C), Turtle Beach (T), and
Ghozlani (GH). These transects extended roughly perpendic-
ular to the coastline, starting from nearshore (0.4 m) toward
open water to a maximum depth of 12.3 m. Three transects
were located on the peninsula (Fig. 1c), including five sets
of samples along the length of Mangrove Channel (M) and
four sets from the channel to within Hidden Bay (H). At
Shark Reef (SH), five sets of samples were collected, with
one set from 0.5 m and the others from 4.2-9.5 m depth. In
general, the bottom topography and coral distribution gov-
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erned the selection of coastal sample locations. The sam-
ples were georeferenced by a portable global positioning sys-
tem (Magellan GPS). Sediment samples from the Mangrove
Channel, Hidden Bay, and shallow-nearshore locations were
collected using short cores, whereas the deeper samples were
collected by scuba diving. Four replicates were collected in
each sampling site, with one to assess geochemical character-
istics of sediments. The remaining three sets were preserved
in 70 % ethyl alcohol and rose Bengal solution (1 gL™!) to
identify foraminifers that were alive when collected (Walton,
1952). Depth was measured directly; pH, salinity, and tem-
perature were determined in situ using a YSI 556 multimeter.
The samples are stored at the Marine Geology Laboratory,
Oceanography Department, Faculty of Science, Alexandria
University, Egypt.

2.2 Sediment analyses

Each sample for grain size and geochemical analyses (total
carbonate and organic carbon) was divided into two subsam-
ples. Those for grain size analysis were air-dried and then
disaggregated. Sand-sized sediments (> 0.063 mm) domi-
nated the samples, so only mechanical sieving was applied
(Folk, 1980). About 20 g of dried sediments were sieved,
using standard mesh sizes of 2, 1, 0.5, 0.25, 0.125, and
0.063 mm mounted on an electric shaker machine for 10 min.
The fractions were weighed, and the weight percentage of
each fraction was calculated and reported as percentages of
gravel (G %), sand (S %), or mud (M %). Mean phi size (Mz
@) and median phi ($sp) also were calculated according to
Folk and Ward (1957).

The second subsample from each site was rewashed with
ultrapure distilled water several times through a sintered
glass funnel, then dried at 105 °C, and pulverized to pass a
0.125 mm sieve. Subsamples were kept in clean, dry, and la-
beled polyethylene containers until analyses for total carbon-
ate (TCO3 %) and total organic carbon (TOC %).

Pre-weighed sediment subsamples were treated with 10 %
HCl to remove carbonate minerals. The HCI was added in ex-
cess, and samples were agitated to ensure a full reaction un-
til no more effervescence was observed. The samples were
rinsed with reverse-osmosis water several times until ap-
proaching neutral values and then dried and weighed. The
percentage of total carbonate (TCO3 %) was approximated as
the following: TCO3 %= [(mpre — Mpost)/Mpre] x 100, where
m is mass of the sample pre-acid treatment and post-acid
treatment, as indicated by the subscripts.

The residual solid remaining after the acid treatment was
comprised of acid-insoluble minerals and organic matter.
Percent organic matter was determined using an Elementar
PYRO cube elemental analyzer in carbon-nitrogen mode.
Standards of known elemental composition were run ev-
ery 10 samples to track the calibration and drift of the in-
strument. We report the results as the percent organic car-
bon per sample mass based on pretreatment mass: %TOC
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Figure 1. Maps (© Google) showing the geographical location of Ras Mohamed Nature Reserve coastal area (a, b) and sampling sites (c—g).

= (fmpost X 100/)mpre x 100, where f is the percentage of
organic matter in the sample residual post-acid treatment,
and masses m are either post- or pre-acid treatment, as in-
dicated by the subscript.

2.3 Foraminiferal analyses

The rose Bengal-stained samples were washed over
0.063 mm mesh sieve, oven-dried at 65°, and then stored
in clean, labeled polyethylene bags for further processing.
Approximately 300 specimens were picked from each repli-
cate and identified to species level. The results of each sam-
ple presented herein are the averages of the three repli-
cates. Species counts in each sample were converted to per-
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cent abundance (relative abundance). The number of living
(stained) specimens of each species were counted, and living
percentages were calculated. Species dominance is the ten-
dency of any species to comprise a major part of the assem-
blage and is usually evaluated based on the percentages of
species in the assemblage and stated herein as Dom %. Abso-
lute abundance is referred to as the number of foraminiferal
tests in a given weight of dry sediments sample (Murray,
2014) and is reported as the number of foraminiferal tests
(t) present in one gram of dry sediment (g) and expressed as
tg~l.

Genus-level classification followed essentially that of Loe-
blich and Tappan (1988). The name of each species was
checked and revised, if necessary, in accordance with the on-
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line database WoRMS (World Register of Marine Species;
Hayward et al., 2020). All the specimens were stored in mi-
cropaleontological slides, recorded with a voucher number,
and archived. Images of selected species were photographed
using a Hitachi S-3500N scanning electron microscope.

2.3.1 Diversity analyses

Species diversity is commonly expressed in several ways.
Species richness is the simplest method and is reported here
as the average number of species present in 300 picked spec-
imens. The «-Fisher index (Fisher et al., 1943) relates the
number of species and the number of individuals in an as-
semblage and is commonly used in foraminiferal research
(Murray, 1973, 2006, 2014). Murray considered o =5 as a
boundary separating normal marine from stressed environ-
ments, where o > 5 characterizes normal shelf seas and nor-
mal marine lagoons, and o < 5 typically distinguishes hyper-
saline and hyposaline marshes, lagoons, or hypersaline shelf
seas.

Heterogeneity indices are diversity measures that consider
the proportions of species in a sample (Peet, 1974). The
Shannon-Wiener index (H'), the Simpson index (D), and the
evenness index (E) are commonly used to indicate hetero-
geneity (e.g., Hayek and Buzas, 2010). The Shannon—Wiener
index approaches zero as one species becomes increasingly
dominant. The Simpson index approaches zero as species
richness increases and so is also commonly reported. The
evenness index indicates whether species found in the as-
semblage are relatively evenly distributed or are dominated
by one or a few species (Zubaida et al., 2020). Diversity in-
dices were calculated with PAST software (Paleontological
Statistics, v. 4.03). The base values that correspond to the
terminologies used to describe the diversity indices («-Fisher
index, Shannon—Wiener index (H'), Simpson index (D), and
evenness (E)) are presented in Table 1.

2.32 FoRAM Index (Fl)

The Foraminifera in Reef Assessment and Monitoring
(FORAM) Index (FI) is a single-metric bioindicator that uti-
lizes benthic foraminiferal assemblages from surface sedi-
ments (Hallock et al., 2003). The FORAM Index is based
upon three ecological groupings of foraminifers: (i) the
larger foraminifers that host algal symbionts, (ii) smaller
foraminifers that thrive when food resources are fairly abun-
dant but organic matter does not exceed the availability of
oxygen, and (iii) stress-tolerant foraminifers that prevail in
stressed environments such as where oxygen intermittently
becomes limiting or where chemical pollutants are prevalent
(Hallock et al., 2003; modified by Carnahan et al., 2009).
The FORAM Index is calculated using the following equa-
tion: FI = (10 x Pg,)+(Ps)+ (2 x P), where Py, Py, and P,
represent the proportion of symbiont-bearing, stress-tolerant,
and other heterotrophic taxa, respectively (Hallock et al.,
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2003; Carnahan et al., 2009). The base values that correspond
to the terminologies used to describe the FORAM Index are
presented in Table 1.

2.3.3 Statistical analyses

For statistical purposes, the data matrix was standardized by
converting the species counts of 300 specimens to percent-
ages for each sample. While all foraminiferal species (ben-
thic and planktic) were recorded, a species was only con-
sidered to be statistically significant if its abundance > 2 %
in at least two samples (after Asteman et al., 2021). The in-
frequently occurring taxa (< 2 % relative abundance) are as-
sumed to have insignificant effects on the formation of the
major groups (Frezza and Carboni, 2009; Romano et al.,
2008). Data from the geochemical analyses and foraminiferal
indices were normalized using the following equation: [N =
(value—mean)/standard deviation]. We carried out Pearson
correlation analysis and then the Q-mode hierarchical clus-
ter analysis was applied to cluster samples characterized by
similar assemblages. The Ward’s linkage method, based on
Euclidean distance, which produces dendrograms with ex-
tremely well-defined clusters (Parker and Arnold, 1999), was
applied. Canonical correspondence analysis (CCA) was used
to identify factors that can be used to represent the relation-
ships among sets of interrelated variables. The CCA was
based on the data set including percentages of the statisti-
cally significant species and environmental factors known to
be ecologically significant for foraminiferal distributions, in-
cluding depth (m), pH, salinity (sal psu), mean grain size
(Mz), median phi (®sg), and percentages of gravel (G %),
sand (S %), mud (M %), total organic carbon (TOC %),
and total carbonate (TCO3 %). Pearson correlation was per-
formed using the SPSS program (V. 22), whereas the Q-mode
hierarchical cluster analysis and CCA utilized PAST soft-
ware (Paleontological Statistics, v. 4.03).

3 Results

The Mangrove Channel and Hidden Bay are shallow envi-
ronments with maximum depths of 0.7 and 0.6 m, respec-
tively, while all other transects represent inshore to reef sam-
ples (Table 2). The salinity exceeded 40 everywhere and was
slightly higher (> 41) in the southern sites (Mangrove Chan-
nel, Hidden Bay, and Shark Reef). The pH was slightly al-
kaline in all sampling sites (mean 8.07), and the water tem-
perature ranged from 18-22 °C during the sampling period in
December 2021 (Table 2).

3.1 Sediments

Sand size sediments dominated (range 72 %—100 %; mean
94 + 8 %). Phi size ranged from 0.4 & (coarse sand) at Shark
Reef to 3.3 & (very fine sand) at Turtle Beach. Shell frag-
ments were common in coarser sediments, while fine sands
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Table 1. The terminology of diversity indices ranges for a-Fisher index (a-Fisher), Shannon—Wiener index (H'), Simpson index (D), evenness

index (E), and FORAM Index (FI).

a-Fisher index! ‘ Shannon—Wiener index> ‘ Simpson index? ‘ Evenness index> ‘ FoRAM Index3
o Range ‘ H  Range ‘ D Range ‘ E Range ‘ FI Range
<5 Abnormal | 0-2 Low 0<D<05 Low 04 Low <2  Stressed marginal
>5 Normal 2-3  Moderate 0.5<D <0.75 Moderate | 0.4-0.6 Moderate | 2-4 Marginal
>3 High 0.75<D <1 High > 0.6 High >4  Conducive

! After Murray (1973). 2 After Zubaida et al. (2020). 3 After Hallock et al. (2003).
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Figure 2. Foraminiferal assemblages recorded in sediments of the coastal area of RMNR: (a) percentages by foraminiferal order; (b) per-
centages by foraminiferal functional group. SB is for symbiont bearing, ST is for stress tolerant, and H is for heterotrophic. See Fig. 1 for
details regarding the © Google Earth imagery used. The base map is a high-resolution image generated in © Google Earth Pro and provided

by © Airbus.

were predominantly siliciclastics (Table 2). Gravel ranged
from 0%-26 % (5.8 +8.4%), with highest values in the
southern sites where shell fragments were more common.
Percent mud was consistently low (maximum = 3.2 %; mean
and SD = 0.8 £0.8%). Total organic carbon (TOC %) was
consistently < 1% and only > 0.1 % in Mangrove Channel
and Hidden Bay samples. Total carbonate (TCO3 %) was bi-
modal (Table 2), with the southern sites (Mangrove Channel,
Hidden Bay, and Shark Reef) dominated by the coarser car-
bonate sediments (79-96 TCO3 %), while Breaka Bay, Camp
Site, Turtle Beach, and Ghozlani were dominated by fine sili-
ciclastics (10-31 TCO3 %).

3.2 Foraminiferal assemblages

The benthic foraminiferal assemblages were dominated by
porcelaneous taxa. Hyaline taxa varied from < 2% in Man-
grove Channel sediments to 46 % in Shark Reef sedi-
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ments (Fig. 2a). Agglutinated taxa were uncommon, and
two planktic species were found. A total of 31 families
were documented. Members of the order Miliolida com-
prised 77 % of the assemblages, represented by Peneropli-
dae (~ 32 %), Hauerinidae (~ 24 %), Soritidae (~ 18 %), and
Spiroloculinidae (~ 3 %), with Fischerinidae, Nubeculari-
idae, Cribrolinoididae, Miliolidae, and Alveolinidae together
making up < 1% (Fig. 3). The order Rotaliida comprised ~
23 % of the total assemblages (Fig. 2a), predominantly Am-
phisteginidae (~ 17 %), with Calcarinidae, Rosalinidae, and
Ammoniidae together comprising ~ 4 % and Bolivinitidae,
Buliminidae, Reussellidae, Eponididae, Discorbidae, Cibi-
cididae, Discorbinellidae, Planorbulinidae, Cymbalopori-
dae, Acervulinidae, Anomalinidae, Nonionidae, Astronon-
ionidae, Elphidiidae, and Nummulitidae combined account-
ing for ~ 2.3 % (Fig. 3). Family Globigerinidae, representing
planktic foraminifers, accounted for ~ 0.1 % (Fig.3). The or-

https://doi.org/10.5194/jm-43-239-2024
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Figure 3. Histogram showing percentages of foraminiferal families recorded in sediments of the coastal area of RMNR.

der Textulariida made up 0.6 % of the total assemblage, with
0.3 % for each of Textulariidae and Valvulinidae (Figs. 2,
3). The carbonate-dominated Mangrove Channel and Hidden
Bay samples yielded the highest percentages of miliolids,
whereas Shark Reef and the siliciclastic samples generally
had higher percentages of rotaliids. An exception was the
Turtle Beach samples, which were dominated by Amphisorus
hemprichii, a symbiont-bearing miliolid.

Overall, 56 genera were recorded. Symbiont-bearing gen-
era comprised ~ 68% of the total assemblage (Table 3;
Figs. 2b, 4) and were dominated by Peneroplis (28.2 %), Am-
phistegina (16.8 %), and Amphisorus (14.5 %), with Sorites
(3 %), Coscinospira (2.6 %), Neorotalia (1.5 %), and Den-
dritina (1.2 %) also found. Smaller heterotrophic genera con-
tributed about ~ 30 % of the total assemblage, and the most
common genus was Quinqueloculina (10.3 %), with Milio-
linella, Spiroloculina, Triloculina, Pseudomassilina, Affinet-
rina, and Rosalina found in relative abundances of 3.1,
2.7,2.7, 2, 1.3, and 1.1 %, respectively. The stress-tolerant
group included nine genera comprising a relative abundance
of ~ 2%, with Ammonia comprising more than half of this
percentage (Table 3; Figs. 2b, 4). The average occurrences
of the remaining 33 genera never exceeded 1 % of the total
assemblage.

Of 95 species recorded (see Appendix A, B, and D),
only 25 occurred in abundance > 2% in at least two sam-
ples (Table 4). Of those, 17 porcelaneous and hyaline ben-
thic species with average occurrences exceeding 1% of
the total constituted 87 % of the total assemblages. The
symbiont-bearing porcelaneous species Peneroplis pertusus,
Amphisorus hemprichii, and P. planatus dominated overall
at 14.7,%, 14.5,%, and 13.5 %, respectively. Commonly oc-
curring symbiont-bearing hyaline species were Amphistegina
lobifera (12.1 %) and A. lessonii (4.8 %). The commonly oc-
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curring heterotrophic porcelaneous species were Quingue-
loculina seminulum, Miliolinella subrotunda, Spiroloculina
antillarum, and Pseudomassilina pacificensis, in decreasing
order.

The absolute abundances of tests in a gram of sediment
(tg~") varied by more than 2 orders of magnitude with be-
tween 15-55 in the siliciclastic-rich mainland samples and
2317-3180 g in carbonate-rich Mangrove Channel samples
(Table 5). Hidden Bay and Shark Reef samples were inter-
mediate, with abundances ranging from 49-249. Similarly,
organic carbon (TOC %) was an order of magnitude richer
in the Mangrove Channel sediments (0.33 %-0.47 %) than
in the reef-related sediments (0.01 %—-0.07 %), with Hidden
Bay samples again intermediate (0.13 %—0.18 %).

The species richness (S) ranged from 14-57 per sample
(30 £ 10 species). The most species-rich samples were from
Ghozlani (36-57), and the fewest species (14-27) were found
in Shark Reef samples. The a-Fisher values ranged from 3—
20.9 (8.7+£3.9), with the lowest (3—4) in the Shark Reef sam-
ples (SH3, SHS) and the highest in samples from Ghozlani
(GH3, 21) and Breaka Bay (BR3, 15.6). Shannon indices (H')
ranged from 1.7-3.5 (2.4 £ 0.4), again with the lowest from
Shark Reef (1.7-2.4) and the highest values recorded at Gho-
zlani sites (2.9-3.5) and Breaka Bay (2.6-3.0). The Simpson
indices (D) ranged from 0.69-0.95 (0.86 £ 0.06), with the
lowest values in Shark Reef sediments and with the highest
values at Breaka Bay and Ghozlani (> 0.9) (Table 5). Even-
ness (E) ranged from 0.29-0.55 (0.410.07), with the highest
values again at Ghozlani (0.5-0.55).

Species dominance by sample (Dom %) varied from
12 %-52 % (mean 25.6 +10.6 %) (Table S5). Amphistegina
lobifera dominated in 7 of 26 samples, with the highest per-
centages found in Shark Reef samples. Peneroplis plana-
tus dominated six samples, and P. pertusus dominated five
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Figure 4. Frequency distribution of functional group and FORAM Index values recorded in sediments of the coastal area of RMNR (SB is
for symbiont bearing, ST is for stress tolerant, H is for other heterotrophic, and FI is for FORAM Index).

Table 2. Locations, depth, hydrological, and sediment parameters of samples collected in the coastal area of Ras Mohamed. Station abbre-
viations are as follows: M is for Mangrove Channel, H is for Hidden Bay, SH is for Shark Reef, BR is for Breaka Bay, CA is for Camp
Site, T is for Turtle Beach, and GH is for Ghozlani. Parameter abbreviations are as follows: mean grain size (Mz), median (®5(), gravel per-
centage (G %), sand percentage (S %), mud percentage (Mud %), total organic carbon percentage (TOC %), and total carbonate percentage
(TCO3 %).

Station  Latitude Longitude Depth (m)  Salinity pH T°C Mz &5 G% S% Mud% TOC% TCO3%
Ml 27°43'48.61”  34°14/40.42" 0.3 4145 1792 22 191 197 0.3 99.2 0.5 0.41 88.2
M2 27°43'44.18"  34°14/44.84" 0.5 41.38 7.97 22 234 258 0.1 99.4 0.5 0.47 88.4
M3 27°43'40.04”  34°14/49.29” 0.5 41.87 7.99 22 211 251 0.3 97.5 2.2 0.35 91.7
M4 27°43'34.80"  34°14/54.51" 0.7 41.66 793 21 1 087 156 84.3 0.1 0.45 86.3
M5 27°43'30.76”  34°14/58.63" 0.5 41.79 797 21 093 0.69 135 85.9 0.7 0.33 86.6
H1 27°43'39.63”  34°15'11.06" 0.5 4148 831 20 156 1.86 3.1 95 1.9 0.14 79.3
H2 27°43'47.78”  34°15'05.08” 0.5 41.61 8.03 20 1.63 1.64 5.6 93.6 0.9 0.13 85.4
H3 27°43'56.38”  34°14/55.20" 0.2 41.53  8.13 19 235 257 1.3 954 32 0.18 80.1
H4 27°44'07.77"  34°14/43.71" 0.6 41.88 8.04 20 153 177 3.9 94.1 1.9 0.15 81.2
SH1 27°43/27.20”  34°15'05.02" 0.5 412 8.02 20 046 0.61 255 72 1.5 0.02 89.6
SH2 27°43'23.64"  34°15'06.43" 4.2 41.12 8 18 037 0.63 22 77.9 0.1 0.07 93.6
SH3 27°43'23.87"  34°15'07.44" 8.7 41.1  7.98 18 039 0.66 148 85.1 0.1 0.02 96.3
SH4 27°43'25.15”  34°15'10.51” 53 4123  8.01 18 047 064 247 74.2 1.1 0.06 94.4
SH5 27°43/25.98”  34°15'13.04” 9.5 4122 8.06 18 076 0.81 13.1 86.9 0.03 0.03 94.6
BR1 27°47'00.17"  34°12/22.14" 0.4 40.83  8.21 18 232 254 1 98.5 0.4 0.03 27
BR2 27°47'00.85"  34°12/22.55" 6 40.49 8.32 18 298 279 0.5 98.3 1.2 0.04 27.5
BR3 27°47'01.51"  34°12/22.65" 10 40.45 8.23 18 27 273 0.3 98.7 1 0.04 30.7
CAl 27°47'18.45"  34°13/28.81" 0.6 4096 8.12 19 236 258 0.6 98.8 0.6 0.04 14.6
CA2 27°47'17.21"  34°13/28.79" 5.5 40.55 8.21 19 203 248 2.3 95.8 1.9 0.07 28.1
CA3 27°47'17.23"  34°13/30.01” 12.3 40.37  8.28 19 232 249 0.5 99.1 0.4 0.02 16.2
T1 27°47'19.52"  34°14/55.49" 0.4 40.81 8.14 19 333 2.5 0.1 99.8 0.1 0.03 13.7
T2 27°47'17.73"  34°14/56.72" 4.8 40.51  8.09 19 232 2.5 0 100 0 0.03 11.9
T3 27°47'16.84"  34°15'00.76" 11.5 40.46 8.1 19 251 2.7 0.2 99.6 0.2 0.03 13.4
GH1 27°49/28.52"  34°15'49.63" 0.8 40.57 7.98 20 239 259 0 99.96 0.04 0.01 10.5
GH2 27°49/28.24"  34°15'51.06” 5 4041 7.89 20 271 273 0.2 99.6 0.2 0.03 13.1
GH3 27°49/27.19"  34°15'52.92" 9.5 40.33  7.93 20 261 238 0.7 99.2 0.1 0.04 17.3
Min 0.2 4033 7.89 18 037 0.61 0 72 0 0.01 10.5
Max 12.3 41.88 8.32 22 333 279 255 100 32 0.47 96.3
Mean 3.82 41.05 8.07 195 186 195 578 93.38 0.8 0.12 56.1
SD 4.12 0.52 0.13 1.3 087 0.83 8.39 8.47 0.84 0.15 3591
samples when including all the Mangrove Channel and Hid- samples (BR1, 3). Neorotalia calcar, Varidentella neostriat-
den Bay samples. Amphisorus hemprichii dominated Turtle ula, and Pseudomassilina pacificensis each dominated one

Beach samples (T1-3) and Q. seminulum two Breaka Bay sample (SH4, GH1, and GH2, respectively).
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Table 3. Percentages of functional groups of foraminifers used in the FORAM Index calculation for coral reef assessments of the coastal area

of Ras Mohamed Nature Reserve (after Hallock et al., 2003).

Functional group Order Family Genus Percentage
Alveolinidae Borelis 0.02

Peneroplidae Coscinospira 2.57

Miliolida Dendritina 1.18

Peneroplis 28.19

Symbiont bearing (SB) Soritidae Amphisorus 14.5
Sorites 2.95

Amphisteginidae ~ Amphistegina 16.84

Rotaliida Calcarinidae Neorotalia 1.48

Nummulitidae Assilina 0.07

Heterostegina 0.13

Bolivinitidae Bolivina 0.06

Brizalina 0.01

Buliminidae Bulimina 0.02

Opportunistic (stress tolerant) Rotaliida Nonionidae Nonion 0.01
Pseudononion 0.12

Astrononionidae  Astrononion 0.13

Ammoniidae Ammonia 1.17

Elphidiidae Cribroelphidium 0.1

Elphidium 0.43

Textulariida ~ All found 0.58

Heterotrophic (other small taxa) Miliolida Most, except for taxa mentioned above 27.15
Rotaliida Most, except for taxa mentioned above 2.08

A wide range of taxa were recorded living (stained)
in RMNR habitats (34 species), with percentages rang-
ing from 10 %—18 % (14 £2 %) (Table 5). The most abun-
dant species found living were P. pertusus (2.5 %), Am-
phisorus hemprichii (2.2 %), Amphistegina lobifera (2.2 %),
P. planatus (2.1 %), and Amphistegina lessonii (~ 1 %). The
most abundant smaller benthic species found living was Q.
seminulum (1.5 %). Of the remaining species recorded live,
percentages never exceeded 0.4 % of the total and combined
constituted ~ 3 % of the total assemblages (Appendix B).

FoRAM Index values (FI) in all samples exceeded 4, rang-
ing from 4.1-9.7 (mean 7.4 & 1.45). The percentages of the
functional groups of foraminifers used in FORAM Index cal-
culations are presented in Appendix C. The distribution pat-
tern of FI values reflected that of symbiont-bearing abun-
dances (Fig. 2b), with the lowest values found at Ghozlani
(mean =4.8) and highest in Shark Reef samples (mean
=9.0).

https://doi.org/10.5194/jm-43-239-2024

3.3 Statistical analyses

Correlating diversity indices to the ecological variables can
provide insight into assemblage responses. Accordingly,
Pearson analysis was carried out to identify significant corre-
lations between the determined environmental variables and
calculated indices (Table 6). The strongest positive correla-
tion was observed between foraminiferal abundance (t g_l)
and TOC % (r =~ 0.9), reflecting the very high abundances
in the Mangrove Channel samples. Mean ® size (Mz), which
increases as sediments become finer, positively correlated
with the Shannon—Wiener index (H') and the Simpson index
(D) (r =0.55, 0.61, respectively) and negatively correlated
with the FORAM Index and species dominance (r = —0.54
and —0.58, respectively). These results revealed that the most
diverse smaller-benthic species were found in samples with
fine siliciclastic sands and low TCO3 %, while the coarser
sediment samples with abundant shell fragments were mostly
dominated by Peneroplis spp.

A dendrogram generated by hierarchical Q-mode cluster
analysis showed two groups of samples that reflected the

J. Micropalaeontology, 43, 239—267, 2024
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Table 4. Mean and standard deviation (SD) for total assemblage and assemblages of each of the seven transects for the common species
comprising about > 2 % in at least two samples of the foraminiferal assemblage recorded in sediments of the coastal area of Ras Mohamed
Nature Reserve (M is for Mangrove Channel, H is for Hidden Bay, SH is for Shark Reef, BR is for Breaka Bay, CA is for Camp Site, T is

for Turtle Beach, and GH is for Ghozlani).

Species Total | M | H | SH | BR | CA | T | GH
Mean SD | Mean SD | Mean SD | Mean SD | Mean SD | Mean SD | Mean SD | Mean SD
Peneroplis pertusus (Forsskal) 147 88| 191 48 25 36| 158 106 | 76 19| 113 45| 141 87| 27 23
en  Amphisorus hemprichii Ehrenberg 14.5 7.9 13.8 44 20.9 8 10.9 4.3 9.9 3 14 0.6 279 6.6 49 39
£ Peneroplis planatus (Fichtel & Moll) 135 59| 217 53| 149 39| 115 26| 78 36 13 34| 147 09| 64 3
S Amphistegina lobifera Larsen 121 159 | 01 03| 05 06| 305 241 | 144 37| 253 114| 37 23| 95 22
E  Amphistegina lessonii d’ Orbigny 48 49 0 0 0 0| 71 47 84 28| 122 47| 21 11 68 12
5 Sorites orbiculus (Forsskal) 29 2.6 27 1.7 2.6 2 1.6 13 39 38 1.6 1.7 72 33 1.6 1.5
i Coscinospira hemprichii Ehrenberg 2.6 2.7 55 1.6 59 29 14 1.2 0.1 02 0.1 0.2 0.6 05 2.1 05
? Neorotalia calcar (d’Orbigny) 15 4.1 03 04 04 08 7.1 75 0 0 0 0 0 0 0 0
Dendritina ambigua (Fichtel & Moll) 12 15| 21 11 24 26 1 12| o1 02 0 0] 03 03 13 03
Quinqueloculina seminulum (Linnaeus) 8.2 54 1.1 2.1 63 4.1 2.6 5.1 142 3.1 6.9 49 1175 76 32
Miliolinella subrotunda (Montagu) 23 21 290 22| 38 32| 03 03| 27 12 11 14| 36 05| 26 23
Spiroloculina antillarum d’Orbigny 1.8 1.9 4 2 2 26 1.2 1.7 1.6 1.4 0.6 1 1207 1 07
Pseudomassilina pacificensis (Cushman) 1.8 35 03 02 05 03 0 0 23 12 2 22 0.7 03 92 65
Quinqueloculina lamarckiana d’Orbigny 1.3 2.0 1 05 1.2 11 0.7 1.6 0 0 0.1 0.2 0.8 04 6 2
o  Affinetrina quadrilateralis (d’Orbigny) 1.3 2.1 1.5 2 4.1 1.7 15 3.1 0 0 0 0 0 0 0.8 0.8
%_ Varidentella neostriatula (Thalmann) 1.3 35 0 0 04 08 0 0 02 04 0 0 0 0 102 3.7
£ Rosalina globularis d’Orbigny 1.1 23 02 03 0 0 0 0 51 54 1 1 24 05 06 05
£ Triloculina tricarinata & Orbigny 09 18| 01 0.1 01 02 0 0 12 16| 03 03] 08 08| 51 22
& Triloculina littoralis Collins 08 10 10 05 13 10 11 18| 02 02| 02 03| 00 00 L1 06
Pseudotriloculina laevigata (d’Orbigny) 0.6 1.0 0.7 0.6 03 02 0.1 0.2 26 22 0.7 0.5 0.1 02 04 04
Adelosina sp. 06 14| 27 21 0.1 0.1 00 00| 06 07| 01 02| 01 02| 01 02
Ammonia parkinsoniana (d’Orbigny) 0.6 0.6 03 02 1.4 08 0.4 0.8 06 04 0.4 0.4 07 03 06 04
Lachlanella subpolygona (Parr) 0.6 0.8 03 05 0.1 0.1 0.5 0.7 07 12 0.4 0.3 1.6 1.1 0.7 03
Cymbaloporetta bradyi (Cushman) 05 09| 01 0.1 00 00| 00 00 13 06| 06 08 18 15| 02 02
Ammonia sp. 04 10| 01 03] 00 00| 00 00| 21 16| 00 00| 00 00 13 17
sediment regimes in the RMNR habitats (Fig. 5). Cluster I Dendrogram using Ward Linkage
. . Rescaled Distance Cluster Combine
included the carbonate-rich samples from the southern local- s 10 15 20 2
ities grouping Mangrove Channel and Hidden Bay samples M5
. . 4
in Subcluster Ia and Shark Reef samples in Subcluster Ib. rz
Cluster II grouped siliciclastic-rich samples from the north- H4
ern localities, with samples from each site mostly grouping ﬁi’ @
. . =
together. The Turtle Beach samples, which were dominated M3 Subcluster Ia 2
. . . . . - [¢]
by Amphisorus hemprichii, were the most distinct of Cluster M2 a_ o
IT samples. Rl Frrrr SRR
. . SHS5
Canonical correspondence analysis (CCA) axes 1 and 2 SH3 3—1
yielded an ordination that explained 41 % and 30 % of the SH2 |med Subcluster Ib
data, respectively (Appendix E). Axis 2 separates the stud- Zg‘: N
ied stations into two main groups. The first group is on the CA2
lower side of axis 2 and includes two subgroups. Subgroup CAl1
. . . . . . CA3
1 is located on the right side of axis 1 and includes stations BR3 a
. =
of Mangrove Channel, Hidden Bay, and SH1, whereas sub- BR2 @
. . . . . e
group 2 exists on the left side of the axis and includes stations (];311;; =
—
SH2, SH3, SH4, SHS5, CAl, and CA2. The second group GH1 :'I
is located on the upper side of axis 2 and includes all sta- GH3 | med
tions of Breaka Bay, Turtle Beach, and Ghozlani, in addition ﬁ
to station CA3. These results greatly resemble those of Q- T3

mode cluster analysis (Fig. 5). Larger benthic Amphistegina
lessonii and A. lobifera are positively related to water depth,
whereas smaller heterotrophic Quinqueloculina seminulum,
Q. lamarckiana, and Miliolinella subrotunda are positively
correlated with sediment texture variables (Mz, ®5p, and
S %). Peneroplis planatus, Peneroplis pertusus, Amphisorus
hemprichii, and the less abundant species Affinetrina quadri-
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Figure 5. Dendrogram from Q-mode cluster analysis using Ward’s
linkage method, based on foraminiferal species abundance and the
environmental variables, grouping samples from the coastal area of
RMNR (see Fig. 1 for locations of samples).
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Table 5. Living percentage (L %), species richness (S), a-Fisher index (a-Fisher), Shannon-Wiener index (H'), Simpson index (D), even-
ness (E), FORAM Index (FI), absolute abundance (t g_l), species dominance percentage (Dom %), and dominant species (DomSp.) of the
foraminiferal assemblage recorded in sediments of the coastal area of Ras Mohamed Nature Reserve (M is for Mangrove Channel, H is for

Hidden Bay, SH is for Shark Reef, BR is for Breaka Bay, CA is for Camp Site, T is for Turtle Beach, and GH is for Ghozlani).

Station L% S  «-Fisher H’ D E t g71 Dom% DomSp.

M1 113 33 9.5 26 089 041 2428 18.0  Peneroplis planatus

M2 103 33 95 25 087 038 2962 26.7  Peneroplis planatus

M3 14.0 29 79 21 083 029 3180 28.0  Peneroplis planatus

M4 127 39 120 2.6 0.88 035 2317 25.7  Peneroplis pertusus

M5 127 35 103 25 0.88 036 2579 19.3  Peneroplis planatus

H1 170 28 7.6 22 081 032 71 29.7  Peneroplis pertusus

H2 123 25 6.5 24 087 044 227 26.0  Peneroplis pertusus

H3 150 25 6.5 23 086 041 249 21.7  Peneroplis pertusus

H4 153 23 58 22 085 041 167 24.0  Peneroplis planatus

SH1 113 22 55 22 083 042 156 33.7  Peneroplis pertusus

SH2 177 19 45 19 078 034 97 39.7  Amphistegina lobifera
SH3 177 14 30 1.7 069 038 49 52.0 Amphistegina lobifera
SH4 137 27 72 24 087 041 171 19.0  Neorotalia calcar

SHS 18.0 18 42 1.8 071 033 83 51.0  Amphistegina lobifera
BR1 170 39 120 29 092 049 27 16.3  Quinqueloculina seminulum
BR2 18.0 35 103 2.6 090 0.39 36 18.7  Amphistegina lobifera
BR3 113 47 156 3.0 093 045 35 15.7  Quinqueloculina seminulum
CAl 15.7 37 11.1 2.6 0.88 0.35 15 22.0  Amphistegina lobifera
CA2 12.0 20 48 20 079 036 55 38.0  Amphistegina lobifera
CA3 147 33 95 24 088 034 17 16.7  Peneroplis planatus

T1 177 21 51 23 087 048 20 23.0  Amphisorus hemprichii
T2 14.7 26 6.8 22 0.84 0.35 47 25.3  Amphisorus hemprichii
T3 157 29 79 24 083 037 26 35.3  Amphisorus hemprichii
GH1 153 36 10.7 29 093 053 21 13.0  Varidentella neostriatula
GH2 12.0 40 124 3.0 093 0.50 24 15.3  Pseudomassilina pacificensis
GH3 120 57 209 35 095 0.55 33 11.7  Amphistegina lobifera
Min 103 14 30 1.7 0.69 0.29 15 11.7

Max 18 57 209 35 095 055 3180 52.0

Mean 14 30 87 24 086 040 580 25.6

SD 2 10 39 04 0.06 007 1063 10.6

Table 6. Correlation matrix of diversity indices and environmental parameters in sediments of the coastal area of Ras Mohamed Nature
Reserve. Bold text indicates a significant correlation (r > (.5). The abbreviations are as follows: mean grain size (Mz), median grain size
(P50), gravel percentage (G %), sand percentage (S %), mud percentage (Mud %), total organic carbon percentage (TOC %), total carbonate
percentage (TCO3 %), living percentage (L %), species richness (S), a-Fisher index («-Fisher), Shannon-Wiener index (H'), Simpson index

(D), evenness (E), FORAM Index (FI), absolute abundance (t gfl ), and species dominance percentage (Dom).

Variables  Depth (m)  Salinity pH Mz D50 G % S% Mud% TOC% TCO3%
L% 0.12 —0.08 041 —-0.05 —0.07 0.03 —0.01 —0.11 —0.46 —0.09
S 0.11 —-0.35 —0.06 0.49 044 —0.40 042 —0.21 0.11 —0.45
a-Fisher 0.15 —-0.36 —0.08 0.46 041 —0.38 040 —0.22 0.07 —0.44
H 0.02 —-041 —0.11 0.55 048 —0.41 043 —-0.23 —0.01 —0.53
D —0.19 —-0.28 —0.02 0.61 053 —-0.44 044  —0.06 0.09 —0.50
E —0.03 —-0.41 —0.21 0.39 028 —0.22 024 —0.24 —0.33 —0.43
FI 0.11 0.34 0.19 -0.54 -047 042 —-0.44 0.22 —0.01 0.48
tg! —0.42 0.60 —-045 —0.11 -—-0.12 0.00 —0.01 0.08 0.94 0.48
Dom % 0.20 022 -0.04 -0.58 -0.51 045 —0.44  —0.03 —0.08 0.46
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lateralis, Triloculina littoralis, and Ammonia parkinsoni-
ana are more influenced by S %o, TOC %, and Mud % (Ap-
pendix E).

4 Discussion

Many characteristics in combination make the Red Sea a
unique marine basin. As a region with an arid climate with
negligible precipitation and runoff (Al-Horani et al., 2006),
this semi-enclosed subtropical basin sustains rich and di-
verse ecosystems (Barale and Gade, 2014). With an overall
negative water balance (i.e., the evaporation is greater than
the precipitation) and lack of permanent rivers (Eladawy et
al., 2017), the sparse fluvial transport of muddy sediments
and lack of significant upwelling currents (Nasr, 2015) keep
the Red Sea surface water transparency among the highest
in comparison with many other tropical seas (Vine, 1985).
These exceptional conditions have allowed the Red Sea to
sustain the best-developed coral reefs in the western Indian
Ocean region (PERSGA/GEF, 2004). Unfortunately, global
climate change and socioeconomic aspects, including mas-
sive coastal urbanization (e.g., NEOM project), tourism, fish-
ing, oil exploration, shipping and maritime activities, and
organic and inorganic pollutant discharges (Nasr, 2015; Ra-
sul and Stewart, 2015), put Red Sea ecosystems, particularly
coral reefs, under increasing ecological threat. Accordingly,
the commitment to monitoring these ecosystems is essential
to sustaining their unique resources. Recognition of this man-
date motivated this project, the goals of which are to deter-
mine the applicability of utilizing foraminiferal assemblages
and, in particular, the FORAM Index as biomonitoring tools
that can be used to assess and protect these invaluable natural
resources.

The two primary LBF extant orders are the porcela-
neous Miliolida and the hyaline Rotaliida (Reymond et al.,
2022). Porcelaneous taxa dominated the foraminiferal as-
semblages, with three algal symbiont-bearing porcelaneous
species (Peneroplis pertusus, P. planatus, and Amphisorus
hemprichii) recorded in all samples. These three species were
far more abundant in the Mangrove Channel and Hidden Bay
samples than the reef zone samples (Shark Reef, Breaka Bay,
Camp Site, Turtle Beach, and Ghozlani). Mangrove Chan-
nel and Hidden Bay are characterized by shallow depths that
never exceed 0.7 m and water transparency that allows max-
imum light intensity to reach those depths.

The porcelaneous LBF species in the Mangrove Channel
and Hidden Bay samples attained large sizes not observed in
deeper locations. In these highly stressful but survivable en-
vironmental conditions, asexual reproduction apparently can
be delayed until conditions become more favorable. The al-
gal symbionts produce sufficient photosynthate so the host
can continue to add chambers and attain large sizes. But with
insufficient nutrients and trace elements needed to produce
amino acids and nucleic acids, reproduction can be inhibited.
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Hallock (1985) previously explained delayed maturation and
growth to large sizes as advantageous where food resources
are limited and sunlight is readily available. Hallock and
Seddighi (2022) extended that interpretation to mesophotic
habitats, again with emphasis on scarce food resources, with
the addition of a role in the dormancy (e.g., Ross and Hal-
lock, 2016) if light became limiting, for example, seasonally.
The observation of exceptionally large porcelaneous LBFs in
episodically very warm, hypersaline conditions expands the
range of environmental conditions in which LBFs might ex-
perience delayed maturation and growth to large sizes where
food resources are limited and sunlight is readily available.

The northern Red Sea is characterized by arid conditions,
semi-diurnal tides with an ~ 0.6 m tidal range, substantial
temperature and salinity ranges, and dramatic diurnal fluctu-
ations in both, especially in the summer months. Temperature
plays a major role in the distribution of LBFs and is consid-
ered a controlling variable for their survival, reproduction,
bleaching, and calcification (Evans et al., 2015; Hallock et
al., 2006; Titelboim et al., 2019). Higher salinity is an addi-
tional stressor in Mangrove Channel and Hidden Bay due to
the arid weather condition, high evaporation rate, and tidal
range in these shallow coastal ecosystems.

The waters of the Ras Mohammed study area are char-
acterized by very clear waters reflecting oligotrophic con-
ditions and thus limited availability of food, as indicated
by consistently low TOC % (< 1%). Those qualities are
consistent with the dominance overall by algal symbiont-
bearing species, as reflected in consistently high FORAM
Index values. In addition, the relatively high salinities (40—
41 psu) favor porcelaneous taxa, especially Peneroplis and
Amphisorus. Kenigsberg et al. (2022) concluded that Pen-
eroplis spp., which host rhodophyte symbionts, can tolerate
high temperatures and elevated salinities. Although the sam-
ples collected for this study were taken in winter when water
temperatures were 18-22 °C, in the summer months water
temperatures average 26 °C (Rasul et al., 2015) and can ex-
ceed 30 °C (Chaidez et al., 2017). Previous studies have also
noted the shift in species composition from hyaline Rotaliida
to porcellaneous Miliolida with increasing temperature and
salinity (James et al., 1999; Dong et al., 2019).

Locally influenced features, including TCO3 %, sediment
texture, water motion, and depth largely determine what as-
semblages of the biogeographically available taxa can oc-
cur and dominate at specific locations. In general, smaller
porcelaneous taxa are found more commonly in finer sed-
iments because of slightly higher food availability (living
specimens) and concentration of dead tests by sediment sort-
ing. At the other end of the texture and energy spectrum are
coarser sediments that are rich in bioclastic material, for ex-
ample, at Shark Reef where Neorotalia calcar was abundant.

The range of sample depths was limited (0.2-12.3m),
and more than half of the samples were collected from
< 1 m depths. Peneroplis dominated in such samples from
the Mangrove Channel and Hidden Bay, while Amphiste-
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gina dominated mostly in samples from depths between 4.2
and 9.5 m. The three deepest samples (10, 11.5, and 12.3 m)
were each characterized by a different dominant species.
In the Breaka Bay sample, BR3 (10 m depth), Q. seminu-
lum was the most abundant species (also in BR1), rather
than a symbiont-bearing species, though dominance was rel-
atively low (16 %). This species is common in marginal en-
vironments throughout the Red Sea coastal regions (e.g.,
El-Kahawy and Mabrouk, 2023; El-Menhawey et al., 2020;
Youssef, 2015). At the CA3 site (12.3 m depth), Peneroplis
planatus exhibited the highest relative abundance, though at
only 17 %. The Turtle Beach samples were all dominated
by Amphisorus hemprichii. Gabr et al. (2020a, b) reported
that macroalgae and seagrass flourish in the coastal area of
RMNR, providing a habitat for epiphytic taxa.

We recorded 95 species in 26 samples from depths <
12.3 m, representing several distinct habitats in RMNR. The
four mainland sites, which were all dominated by fine sili-
ciclastic sands, produced relatively sparse (low tg~!) but
diverse foraminiferal assemblages. Those sample sets pro-
duced a distinct cluster overall, though samples from each
location grouped together. Amphistegina lobifera was com-
monly found at three of the sites, while Amphisorus domi-
nated Turtle Beach samples, as noted above.

The Shark Reef samples were characterized by much
higher TCO3 %, higher proportions of gravel (i.e., shell frag-
ments), and ~ 4 times higher abundances of foraminiferal
specimens than the mainland samples. Amphistegina lob-
ifera dominated three of the five Shark Reef samples, which
as a group exhibited the lowest diversities and the highest
FoRAM indices of all sites.

The Mangrove Channel and Hidden Bay samples were
very similar in all respects, except two. They were dominated
by Peneroplis spp., their diversity indices were similar, and
sediment texture was > 84 % sand, with mostly carbonates
(TCO3 % > 79 %). The major difference between sites was in
absolute abundance, with Mangrove Channel samples aver-
aging nearly 2700 tests per gram, while Hidden Bay samples
averaged 179 tests per gram. The other notable difference
was in organic carbon, where TOC % in Mangrove Channel
samples averaged 0.4 % and Hidden Bay samples averaged
0.15 %. Given that the percentages of specimens recorded
as live when collected were similar, the much higher abso-
lute abundances of live specimens in Mangrove Channel was
likely a factor in its higher TOC %, combined with excep-
tionally large sizes of Peneroplis and Amphisorus.

The results of diversity indices from RMNR are mostly
consistent with the findings from previous studies (Table 7)
from Gulf of Aden and southern and east central Red Sea
(Abu-Zied et al., 2011, 2016; El-Sabbagh et al., 2016; Al-
Dubai et al., 2017; BadrEIDin et al., 2022). The most no-
table observations are the contrasting results between the
FoRAM Index and the diversity indices, especially in sam-
ples from stations SH2, SH3, SHS5, and CA2 (Tables 5-6).
These samples showed exceptionally high FORAM Index
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Figure 6. (a) Coscinospira hemprichii Ehrenberg and (b) Penero-
plis planatus (Fichtel & Moll) hybrid specimen.

values (range 9.1-9.7), indicating that environmental con-
ditions support extreme dominance by calcifying organisms
hosting algal endosymbionts. On the contrary, the «-Fisher
index values (< 4) indicate stressed conditions, according to
Murray (1973).

We also observed anomalous specimens of peneroplids
and soritids (~ 2 %) in samples from Hidden Bay (Appendix
D), likely associated with natural fluctuations in salinity
and temperature. Several previous studies have attributed
the presence of test anomalies to anthropogenic pollution in
coastal areas of the Red Sea (e.g., El-Kahawy et al., 2018;
El-Kahawy and Mabrouk, 2023). However, abnormalities in
porcelaneous tests are relatively common in areas of ele-
vated salinity or strong salinity fluctuations (e.g., Hofker,
1971; Reiss and Hottinger, 1984; Amao et al., 2018). The
test anomalies observed in samples from RMNR were all
found in porcelaneous specimens from Hidden Bay. A Cos-
cinospira hemprichii—Peneroplis planatus hybrid specimen
(Fig. 6) was found at Hidden Bay (< 0.5 m), where salinity
exceeded 41 (Table 2). Hidden Bay represents an exception-
ally stressed coastal environment, particularly in a warming
world. With respect to high temperature and salinity and very
limited availability of organic matter, Peneroplis and Am-
phisorus are clearly “stress-tolerant” foraminifers but are tol-
erant of very different stressors than smaller rotaliids such as
Ammonia.
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Table 7. Data comparing indices from this study with previous foraminiferal studies in the Red Sea and Gulf of Aden. Absolute abundance
(t g_l), species richness (S), a-Fisher index (a-Fisher), Shannon—Wiener index (H'), and FORAM Index (FI) are indicated.

Location tg~! S «a-Fisher H FI Reference
Farasan Island, eastern  Range 117-1900 Mean 19+ 7 - Mean 2+0.5 - Abu-Zied et al.
Red Sea, Saudi Arabia (2011)

Jeddah reef flat and la- Mean 600 Mean 28 - Mean 2.2 <4 Abu-Zied et al.
goon, eastern Red Sea, (2016)

Saudi Arabia

Jeddah fore reef, Mean 2000 Mean 54 - Mean 3 >4 Abu-Zied et al.
eastern Red Sea, Saudi (2016)

Arabia

Al Mukalla, Gulf of Range 280-1700 Range 29-68 Range 7.8-20 Range 2.51-3.58 Range 1.9-5.8 El-Sabbagh et al.
Aden, Yemen (2016)
Al-Kharrar Lagoon, Range 100-300 Range 12-32 Range 9-17 Range 2.3-2.7 - Al-Dubai et al.
eastern Red Sea, Saudi  Mean 135 4300 Mean 23 £ 10 Mean 11£7 Mean 2.3 £0.5 (2017)

Arabia

Al-Bawadi island, Range 48-1458 Range 21-45 Range 5.1-14.7 Range 1.2-3.2 Range 2.8-9.4 BadrEIDin et al.
southeastern Red Sea, Mean 469 %305 Mean 35 £8 Mean 10.4 £3.1 Mean 2.3 £0.7 Mean 6.1 £2.4 (2022)

Yemen

Ras Mohamed Nature Range 15-3180 Range 14-57 Range 3-20.9 Range 1.7-3.5 Range 4.1-9.7 BadrEIDin and
Reserve Mean 580 £ 1036 Mean 30+ 10 Mean 8.7+3.9 Mean 2.4 +0.04 Mean 7.4 +1.45 Hallock (present

study)

5 Conclusions

Coastal waters of the study area in the Ras Mohamed Na-
ture Reserve are characterized by very clear waters reflecting
ultra-oligotrophic conditions and limited availability of food
as indicated by low TOC % (< 1 %). Those qualities are con-
sistent with the dominance overall by algal symbiont-bearing
species, as reflected in consistently high FORAM Index val-
ues, even at sites < 1 m in depth. The relatively high salin-
ities (40—41) favor porcelaneous taxa, especially symbiont-
bearing Peneroplis and Amphisorus. The low «a-Fisher in-
dices and commonly observed “abnormal” peneroplid and
soritid specimens indicate that these metrics must be used
with caution when assessing tropical-subtropical shallow-
water assemblages in hypersaline environments. Benthic
species that host algal symbionts represent a tiny fraction of
total numbers of benthic species, yet photosynthesis by the
algal symbionts allows the dominance of those few in clear,
shallow, and reef-associated waters where particulate food is
limited. In addition, morphological variability is extremely
common in peneroplids and soritids in hypersaline environ-
ments. Local differences in foraminiferal assemblages reflect
depth, exposure to water motion, sediment texture, and pro-
portion of carbonate in the sediments.
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Appendix A

Table A1. Foraminiferal taxa recorded in sediments from the coastal area of RMNR (M is for Mangrove Channel, H is for Hidden Bay, and
SH is for Shark Reef).
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Species SH1I SH2 SH3 SH4 SHS

Sahulia conica (d’Orbigny)

Sahulia kerimbaensis (Said)

Textularia agglutinans d’Orbigny
Textularia truncata Hoglund

Clavulina angularis d’Orbigny
Clavulina multicamerata Chapman
Clavulina pacifica Cushman
Vertebralina striata d’Orbigny
Nodophthalmidium antillarum (Cushman)
Adelosina sp.

Spiroloculina angulata Cushman
Spiroloculina antillarum d’Orbigny
Spiroloculina convexa Said
Spiroloculina corrugata Cushman & Todd
Agglutinella compressa El-Nakhal
Agglutinella soriformis El1-Nakhal
Siphonaperta agglutinans (d’Orbigny)
Cycloforina contorta (d’Orbigny)
Cycloforina granulocostata (Germeraad)
Cycloforina quinquecarinata (Collins)
Lachlanella corrugata (Collins)
Lachlanella subpolygona (Parr)
Pseudolachlanella slitella Langer
Quinqueloculina auberiana d’Orbigny
Quinqueloculina berthelotiana d’Orbigny
Quinqueloculina bidentata d’ Orbigny
Quinqueloculina bosciana d’ Orbigny
Quinqueloculina lamarckiana d’Orbigny
Quinqueloculina seminulum (Linnaeus)
Quinqueloculina tropicalis Cushman
Quinqueloculina vulgaris d’Orbigny
Affinetrina quadrilateralis (d’Orbigny)
Miliolinella fichteliana (d’Orbigny)
Miliolinella labiosa (d’Orbigny)
Miliolinella subrotunda (Montagu)
Miliolinella webbiana (d’Orbigny)
Pseudomassilina australis (Cushman)
Pseudomassilina pacificensis (Cushman)
Pseudotriloculina laevigata (d’Orbigny)
Pyrgo striolata (Brady)

Triloculina affinis d’ Orbigny

Triloculina earlandi Cushman
Triloculina littoralis Collins

Triloculina schreiberiana d’ Orbigny
Triloculina serrulata McCulloch
Triloculina tricarinata d’Orbigny
Triloculina trigonula (Lamarck)
Varidentella neostriatula (Thalmann)
Sigmoihauerina bradyi (Cushman)
Articulina pacifica Cushman

Parrina bradyi (Millett)

Rupertianella rupertiana (Brady)
Borelis schlumbergeri (Reichel)
Coscinospira hemprichii Ehrenberg
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Table A1. Continued.

A. M. BadrEIDin and P. Hallock: Benthic foraminifers in coastal habitats

Species Ml M2 M3 M4 M5 HI H2 H3 H4 SHI SH2 SH3 SH4 SHS5
Dendritina ambigua (Fichtel & Moll) 11 7 7 5 2 0 18 8 3 9 1 0 4 1
Monalysidium acicularis (Batsch) 0 0 0 0 0 1 0 0 0 0 0 0 0

Peneroplis pertusus (Forsskal) 37 54 62 77 57 8 78 65 68 101 42 23 47 24
Peneroplis planatus (Fichtel & Moll) 54 80 84 49 58 32 38 57 52 45 31 27 40 29
Amphisorus hemprichii Ehrenberg 48 27 51 27 54 88 31 60 72 26 35 31 53 18
Sorites orbiculus (Forsskal) 7 5 5 7 17 15 2 4 10 0 1 8 7 8
Sorites variabilis Lacroix 2 1 0 1 0 2 0 0 0 0 0 0 0 0
Globigerina bulloides d’Orbigny 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Globigerinoides ruber (d’Orbigny) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina variabilis (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Brizalina difformis (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bulimina elongata d’Orbigny 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bulimina marginata d’Orbigny 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reussella pacifica Cashman & McCulloch 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eponides repandus (Fichtel & Moll) 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Orbitina exquisita (McCulloch) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Rosalina bradyi (Cushman) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Rosalina globularis d’Orbigny 2 0 0 1 0 0 0 0 0 0 0 0 0 0
Tretomphalus bulloides (d’ Orbigny) 0 0 0 0 1 0 0 1 0 0 0 0 0 0
Cibicidoides subhaidingerii (Parr) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Discorbinella araucana (d’Orbigny) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Planorbulinella elatensis Thomas 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Cymbaloporetta bradyi (Cushman) 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Planogypsina acervalis (Brady) 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Epistomaroides punctatus (Said) 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Amphistegina lessonii d’Orbigny 0 0 0 0 0 0 0 0 0 0 36 31 17 22
Amphistegina lobifera Larsen 0 0 0 0 2 4 1 0 1 0 119 156 29 153
Nonion subturgidum (Cushman) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pseudononion sp. 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Astrononion stelligerum (d’Orbigny) 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Neorotalia calcar (d’Orbigny) 3 0 0 1 0 0 0 5 0 0 18 5 57 26
Ammonia beccarii (Linnaeus) 0 2 0 0 1 0 5 0 0 2 0 0 0 0
Ammonia parkinsoniana (d’Orbigny) 1 0 1 2 1 6 7 3 1 6 0 0 0 0
Ammonia sp. 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Cribroelphidium gerthi (van Voorthuysen) 0 0 0 0 0 0 0 0 0 2 0 0 0 0
Elphidium advenum (Cushman) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Elphidium craticulatum (Fichtel & Moll) 0 0 1 1 0 8 5 1 2 2 0 0 0 0
Elphidium crispum (Linnaeus) 0 0 0 0 0 0 0 1 0 1 0 0 0 0
Elphidium jenseni (Cushman) 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Assilina ammonoides (Gronovius) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Heterostegina depressa d’Orbigny 0 0 0 0 0 0 0 0 0 0 3 0 0 0
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Table A2. Foraminiferal taxa recorded in sediments from the coastal area of RMNR (BR is for Breaka Bay, C is for Camp Site, T is for
Turtle Beach, and GH is for Ghozlani).

Species BR1 BR2 BR3 CAl CA2 CA3

=
=]
[\S]
—
w

GH1 GH2 GH3

Sahulia conica (d’Orbigny)

Sahulia kerimbaensis (Said)

Textularia agglutinans d’Orbigny
Textularia truncata Hoglund

Clavulina angularis d’Orbigny
Clavulina multicamerata Chapman
Clavulina pacifica Cushman
Vertebralina striata d’Orbigny
Nodophthalmidium antillarum (Cushman)
Adelosina sp.

Spiroloculina angulata Cushman
Spiroloculina antillarum d’Orbigny
Spiroloculina convexa Said
Spiroloculina corrugata Cushman & Todd
Agglutinella compressa El-Nakhal
Agglutinella soriformis El-Nakhal
Siphonaperta agglutinans (d’Orbigny)
Cycloforina contorta (d’Orbigny)
Cycloforina granulocostata (Germeraad)
Cycloforina quinquecarinata (Collins)
Lachlanella corrugata (Collins)
Lachlanella subpolygona (Parr)
Pseudolachlanella slitella Langer
Quinqueloculina auberiana d’Orbigny
Quinqueloculina berthelotiana d’Orbigny
Quinqueloculina bidentata d’Orbigny
Quinqueloculina bosciana d’Orbigny
Quinqueloculina lamarckiana d’Orbigny
Quinqueloculina seminulum (Linnaeus) 4
Quinqueloculina tropicalis Cushman
Quinqueloculina vulgaris d’ Orbigny
Affinetrina quadrilateralis (d’Orbigny)
Miliolinella fichteliana (d’ Orbigny)
Miliolinella labiosa (d’Orbigny)
Miliolinella subrotunda (Montagu)
Miliolinella webbiana (d’ Orbigny)
Pseudomassilina australis (Cushman)
Pseudomassilina pacificensis (Cushman)
Pseudotriloculina laevigata (d’Orbigny)
Pyrgo striolata (Brady)

Triloculina affinis d’Orbigny

Triloculina earlandi Cushman
Triloculina littoralis Collins

Triloculina schreiberiana d’Orbigny
Triloculina serrulata McCulloch
Triloculina tricarinata d’Orbigny
Triloculina trigonula (Lamarck)
Varidentella neostriatula (Thalmann)
Sigmoihauerina bradyi (Cushman)
Articulina pacifica Cushman

Parrina bradyi (Millett)

Rupertianella rupertiana (Brady)
Borelis schlumbergeri (Reichel)
Coscinospira hemprichii Ehrenberg
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Table A2. Continued.

A. M. BadrEIDin and P. Hallock: Benthic foraminifers in coastal habitats

Species

BR1

BR2

BR3

CAl

CA2

CA3

TI T2 T3 GH2 GH3

Dendritina ambigua (Fichtel & Moll)
Monalysidium acicularis (Batsch)
Peneroplis pertusus (Forsskal)
Peneroplis planatus (Fichtel & Moll)
Amphisorus hemprichii Ehrenberg
Sorites orbiculus (Forsskal)

Sorites variabilis Lacroix
Globigerina bulloides d’ Orbigny
Globigerinoides ruber (d’Orbigny)
Bolivina variabilis (Williamson)
Brizalina difformis (Williamson)
Bulimina elongata d’Orbigny
Bulimina marginata d’Orbigny
Reussella pacifica Cushman & McCulloch
Eponides repandus (Fichtel & Moll)
Orbitina exquisita (McCulloch)
Rosalina bradyi (Cushman)
Rosalina globularis d’Orbigny
Tretomphalus bulloides (d’Orbigny)
Cibicidoides subhaidingerii (Parr)
Discorbinella araucana (d’Orbigny)
Planorbulinella elatensis Thomas
Cymbaloporetta bradyi (Cushman)
Planogypsina acervalis (Brady)
Epistomaroides punctatus (Said)
Amphistegina lessonii d’Orbigny
Amphistegina lobifera Larsen
Nonion subturgidum (Cushman)
Pseudononion sp.

Astrononion stelligerum (d’Orbigny)
Neorotalia calcar (d’Orbigny)
Ammonia beccarii (Linnaeus)
Ammonia parkinsoniana (d’Orbigny)
Ammonia sp.

Cribroelphidium gerthi (van Voorthuysen)
Elphidium advenum (Cushman)
Elphidium craticulatum (Fichtel & Moll)
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Appendix B

Table B1. Number of the living foraminiferal taxa recorded in sediments from the coastal area of RMNR (M is for Mangrove Channel, H is
for Hidden Bay, and SH is for Shark Reef).
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Table B2. Number of the living foraminiferal taxa recorded in sediments from the coastal area of RMNR (BR is for Breaka Bay, C is for
Camp Site, T is for Turtle Beach, and GH is for Ghozlani).
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Appendix C
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Table C1. Symbiont-bearing, stress-tolerant, and other-heterotrophic taxa percentages and the FORAM Index (FI) of the foraminiferal as-
semblage recorded in sediments from the coastal area 0 Ras Mohamed Nature Reserve. M is for Mangrove Channel, H is for Hidden Bay,

SH is for Shark Reef, BR is for Breaka Bay, CA is for Camp Site, T is for Turtle Beach, and GH is for Ghozlani.

Station Symbiont bearing  Stress tolerant  Other heterotrophic FI
M1 61.7 0.3 38.0 6.9
M2 63.0 1.3 35.7 7.0
M3 76.0 1.0 23.0 8.1
M4 60.6 1.7 37.7 6.8
M5 66.7 0.7 32.7 7.3
Mean 65.6 1.0 334 7.2
SD 6.3 0.5 6.2 0.5
Hl 79.3 4.7 16.0 8.3
H2 62.3 5.7 32.0 6.9
H3 72.1 1.7 26.3 7.8
H4 77.9 1.0 21.0 8.2
Mean 72.9 33 23.8 7.8
SD 7.7 2.3 6.9 0.6
SH1 63.1 4.3 32.7 7.0
SH2 95.3 0.0 4.7 9.6
SH3 96.4 0.0 3.7 9.7
SH4 85.7 0.3 14.0 8.9
SH5 944 0.0 5.7 9.6
Mean 87.0 0.9 12.1 9.0
SD 14.0 1.9 12.2 1.1
BR1 42.0 33 54.7 5.3
BR2 70.6 3.0 26.0 7.6
BR3 45.7 7.0 46.3 5.6
Mean 52.8 4.4 42.3 6.2
SD 15.6 2.2 14.7 1.3
CAl 73.8 3.0 23.0 7.9
CA2 88.6 0.3 11.0 9.1
CA3 71.3 0.3 28.0 7.7
Mean 77.9 1.2 20.7 8.2
SD 9.4 1.5 8.7 0.8
Tl 67.3 0.3 323 7.4
T2 70.3 1.3 28.3 7.6
T3 74.3 2.3 23.3 7.9
Mean 70.6 1.3 28.0 7.6
SD 35 1.0 4.5 0.3
GHI1 46.6 1.3 52.0 5.7
GH2 26.2 4.7 69.3 4.1
GH3 34.7 4.0 61.0 4.7
Mean 35.8 33 60.8 4.8
SD 10.2 1.8 8.7 0.8

Min 26.2 0.0 3.7 4.1
S  Max 96.4 7.0 69.3 9.7
£  Mean 67.9 2.1 299 74

SD 17.95 1.98 16.78 145
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Figure C1. (1) Sahulia conica (d’Orbigny). (2) Clavulina angularis d’Orbigny Hoglund. (3) Clavulina pacifica Cushman. (4a-b) Verte-
bralina striata d’Orbigny. (S) Spiroloculina antillarum d’Orbigny. (6) Spiroloculina convexa Said. (Ta—c) Agglutinella compressa El-Nakhal.
(8) Siphonaperta agglutinans (d’Orbigny). (9) Lachlanella corrugata (Collins). (10a—c) Lachlanella subpolygona (Parr). (11) Quingue-
loculina bidentata d’Orbigny. (12) Quinqueloculina tropicalis Cushman. (13) Quinqueloculina vulgaris d’Orbigny. (14a-b) Affinetrina
quadrilateralis (d’Orbigny). (15) Miliolinella labiosa (d’Orbigny). (16) Miliolinella subrotunda (Montagu). (17a—c) Pseudomassilina aus-
tralis (Cushman).
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Figure C2. (1a—c) Pseudomassilina pacificensis (Cushman). (2) Pseudotriloculina laevigata (d’Orbigny). (3) Pyrgo striolata (Brady).
(4) Triloculina earlandi Cushman. (5) Varidentella neostriatula (Thalmann). (6) Sigmoihauerina bradyi (Cushman). (7a-b) Articulina
pacifica Cushman. (8) Borelis schlumbergeri (Reichel). (9) Coscinospira hemprichii Ehrenberg. (10a-b) Dendritina ambigua (Fichtel &
Moll). (11) Monalysidium acicularis (Batsch). (12a=b) Peneroplis pertusus (Forsskal). (13a-b) Peneroplis planatus (Fichtel & Moll). (14a—
d) Anomalous specimens of Peneroplis planatus (Fichtel & Moll).
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Figure C3. (1a-b) Amphisorus hemprichii Ehrenberg. (2a-b) Sorites orbiculus (Forsskal). (3) Sorites variabilis Lacroix. (4) Planorbu-
linella elatensis Thomas. (Sa-b) Cymbaloporetta bradyi (Cushman). (6a-b) Planogypsina acervalis (Brady). (7) Epistomaroides punctatus
(Said). (8a-b) Amphistegina lessonii d’Orbigny. (9a-b) Amphistegina lobifera Larsen. (10) Neorotalia calcar (d’Orbigny). (11a=b) Ammo-
nia parkinsoniana (d’Orbigny). (12a-b) Elphidium craticulatum (Fichtel & Moll). (13a-b) Assilina ammonoides (Gronovius). (14a-b) Het-
erostegina depressa d’Orbigny.
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Figure C4. Canonical correspondence analysis for the average values for (a) foraminiferal species abundance and (b) the environmental
variables for sediments from the coastal area of RMNR, based upon PC1 (variance 29 %) and PC2 (variance 20 %). Depth, pH, salinity (sal
psu), mean grain size (Mz), median ($5p), gravel percentage (G %), sand percentage (S %), mud percentage (M %), total organic carbon
percentage (TOC %), and total carbonate percentage (TCO3 %) are shown.
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