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Abstract: The marine benthic diversity of the Palawan/North Borneo ecoregion is poorly known,
despite its implied unique high species richness within the Coral Triangle. The present study
investigated the diversity and distribution of benthic foraminifera on the Brunei shelf. The objectives
were to determine the species composition of sediment samples collected from 11 sites, extending
~70 km from the Brunei coastline and along a depth gradient of 10–200 m. We retrieved a total
of 99 species, belonging to 31 families and 56 genera, out of which 52 species represented new
records for Brunei and probably the ecoregion. Using presence/absence data, analyses were also
performed to compare species diversity patterns (species richness, occupancy, taxonomic distinctness)
and species assemblage similarity across the sites. For further insight into the relationship between
distribution and depth-associated environmental conditions, we undertook stable isotope analyses
of selected species of Rotaliida, Miliolida, and Lagenida. Oxygen isotope values were positively
correlated with depth and species distribution, confirming cooler temperatures at greater depth. The
carbon isotope data revealed species differences relating to habitat and food source specificity and
a biomineralization effect. Close to one-third of the species were recorded from single sites, and
species richness and taxonomic distinctness increased with depth and were greatest at the second
deepest site (144 m). Together, these findings suggest data underrepresentation of diversity, habitat
disturbance in shallower water, and species specialization (adaptation) in deeper water. Importantly,
assemblage similarity suggests the occurrence of at least three marine biotopes on the Brunei shelf
(10–40 m, 40–150 m, and >150 m). This study contributes significantly to our understanding of the
local and regional patterns of foraminiferal diversity and distribution.

Keywords: benthic foraminifera; Brunei shelf; stable isotopes; Indo-Pacific

1. Introduction

Foraminifera are single-celled protists that are common in marine sediments from
intertidal to abyssal zones, continental marshes, and freshwater environments. Benthic
foraminifera can be divided into two main groups: the larger benthic foraminifera (LBF),
which have algal photosymbionts, and the smaller benthic foraminifera (SBF), which are
suspension or detritus feeders. Both of these groups live in eutrophic to oligotrophic
conditions in different environmental settings. Benthic foraminifera is a good indicator of
environmental conditions and is used in applications such as biostratigraphy, palaeoceano-
graphic and paleoclimatic reconstructions, environmental biomonitoring, and petroleum
exploration e.g., [1–8]. The present study focused on documenting and understanding
the distribution of the benthic foraminifera of Brunei. The most comprehensive biogeo-
graphical analysis suggests that Brunei belongs to the Palawan/North Borneo ecoregion
of the Western Coral Triangle province of the Central Indo-Pacific realm [9]. Compared to
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other regions of the South China Sea (Singapore, Vietnam, Malaysia), the benthic fauna of
this region is relatively poorly known [10]. Marine faunas recently studied for Northwest
Borneo include reef corals, sponges, echinoderms, gastropods, and foraminifera [11–19].

Regionally, multiple studies have been conducted on modern benthic foraminifera
of the South China Sea (and Southeast Asia). These include studies from the Challenger
Expedition [20–23], from the International Indian Ocean Expedition [24], and more recently
in Indonesia, Malaysia, the Philippines, and Brunei Darussalam [4,7,17–19,25–38]. Local
benthic foraminiferal distributions are influenced by several parameters, such as seafloor
substrate type and grain size, trophic conditions, temperature, availability of nutrients, and
depth [2,4,5,7,33,36,39–42]. The first insight into the benthic foraminifera of Brunei was
gained from the work of Ho (1971), who studied diversity and abundance variation along a
transect spanning from the inner Brunei Bay to the middle Sungai Brunei estuarine system.
Previous studies on the Brunei shelf benthic foraminiferal assemblages focused on coral
reefs, wrecks, and local transects of the shallower waters (<60 m; [17–19]).

The Brunei shelf, from the coastline to the edge at 200 m depth, extends about 60 to
70 km and presents a significant gradient of environmental conditions with which benthic
communities are associated. The seafloor of the shelf constitutes sandy patches of reefs
and wrecks, scattered in extensive siliciclastic mud, deriving from river transportation into
Brunei Bay [43]. The shelf waters are mesotrophic to eutrophic and have a relatively narrow
photic zone [15,44–46]. However, the waters further offshore are not influenced to the same
degree by muddy terrestrial input and are therefore much clearer. Reduced water turbidity
covaries with seawater depth on the Brunei shelf and, thus, with greater distance from the
coastline. Marine water temperature also typically covaries with depth [47,48]. Although
benthic surveys of the Brunei shelf are routinely conducted by the oil and gas industry
in line with environmental impact assessment requirements, these are mostly confined to
drilling sites, and there is currently no published work documenting the effect of seawater
depth and turbidity on the shelf benthic fauna, including the foraminifera.

The objectives of the study were: (1) to determine the benthic foraminiferal species
composition on the Brunei shelf, (2) to compare diversity patterns (species richness, occu-
pancy, taxonomic distinctness) across the sites varying in depth, and (3) to assess species
assemblage similarity across the sites. Additionally, to gain insight into the relationship
between foraminifera habitat and environmental parameters, stable carbon and oxygen
isotope analyses were carried out on selected taxa.

2. Materials and Methods
2.1. Sample Collection and Species Identification

Seafloor sediment samples were collected across the Brunei shelf as part of a Marine
Environmental Survey (MES) conducted under the auspices of an environmental consul-
tancy company (Environmental Resources Management, ERM). The benthic foraminifera
were, however, not resolved or reported in this survey. Of the samples collected from
30 stations in April 2013, only eleven sites were available for foraminiferal investigation
(locations, coordinates, and depths are given in Figure 1 and Table 1). Figure 1 also includes
study areas from previous studies by Ho [16] and Goeting et al. [17–19] which cover Brunei
Bay and the transect samples M and T, respectively. The details of the transects, reefs, and
wreck sites can be seen in Goeting et al. [17–19].

Sediment samples were collected using Van Veen Grab, with a sample surface area
of 0.1 m2. As a standard protocol for the company surveying the macrobenthic fauna, the
sediments were preserved in formalin at sea and later washed and sieved (500 µm mesh)
in the laboratory at Universiti Brunei Darussalam (UBD). Importantly, the sampling did
not follow the typical approach used in foraminiferal studies and forewent determining
sediment particle size distribution. Consequently, the foraminifera of the present study
were resolved for a sediment size of only >500 µm. Furthermore, the processing of the
material meant that foraminiferal abundance data were likely unreliable, and thus all
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analyses and interpretations are based on presence/absence data. The samples were
investigated at UBD and the Université de Lausanne.
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Figure 1. Study sites on the Brunei shelf for the current study of the MES sites (in bold) and previous
studies by Ho [16] in Brunei Bay (*) and Goeting et al. [17–19]. Earlier studies focused on Brunei Bay
and the reefs, wrecks, and transects mostly along the inner shelf and to depths of ~60 m, respectively.
T20–60 (Tutong transect 20–60 mwd), M20–60 (Muara transect 20–60 mwd), PR (Pelong Rocks), AR
(Abana Reef), OW (Oil Rig Wreck), DW (Dolphin Wreck), AM (American Wreck), AU (Australian
Wreck), and BW (Bluewater Wreck).

Table 1. Details on the sampling sites and number of species present in each group from each site.

Sampling Station Latitude Longitude Depth (m) Tetulariida Miliolida Lagenida Rotaliida

MES 1 4◦44′30.52′′ N 114◦28′1.38′′ E 14–15 4 11 0 7

MES 5 5◦12′7.60′′ N 114◦51′0.73′′ E 31 5 21 1 7

MES 8 4◦59′56.80′′ N 114◦29′27.75′′ E 34 3 18 1 8

MES 15 5◦12′34.77′′ N 114◦26′44.96′′ E 68 1 5 2 6

MES 16 5◦20′42.72′′ N 114◦30′29.36′′ E 77 2 3 2 5

MES 17 5◦13′17.59′′ N 114◦19′42.50′′ E 84 0 5 5 5

MES 22 4◦59′18.18′′ N 113◦54′20.25′′ E 93 5 3 8 8

MES 24 5◦10′6.28′′ N 114◦4′22.84′′ E 144 15 15 17 14

MES 25 5◦10′56.63′′ N 114◦12′30.08′′ E 94 1 12 7 11

MES 27 5◦18′47.11′′ N 114◦20′32.54′′ E 92 1 10 15 12

MES 29 5◦14′21.78′′ N 114◦6′2.62′′ E 190 2 0 2 5

Foraminifera specimens were picked from the samples using a LEICA EZ4 microscope
and stored in small sample holders. Taxa identification was made to genus or species
level with the aid of taxonomic references for the region based on Billman et al. [49], Loe-
blich and Tappan [50], Loeblich and Tappan [24], Jones [23], Parker [51], Debenay [52],
Martin et al. [34], Förderer and Langer [33,37], Goeting et al. [19], Hohenegger [53], Ren-
ema [4], and Lei and Li [32]. Photographs of the benthic foraminifera were taken using a
Keyence Digital Microscope VHX-7000. Plates of benthic foraminifera taxa that had not
previously been recorded for Brunei were prepared using Adobe Photoshop CS6.
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2.2. Species Richness, Distributions, and Assemblage Comparisons

From an Excel matrix comprising presence/absence data for the species at each study
site, we assessed species richness in relation to depth. This was determined for the ben-
thic foraminifera as a whole and separately for the four major groups (i.e., Textulariida,
Rotaliida, Miliolida, and Lagenida). In addition to plotting the species richness at each
site, we assessed the representativeness of the sampling of the real situation by plotting
an occupancy frequency distribution (the number of species versus the number of sites).
Because there are normally more common species than rare species, this relationship is
usually slightly right-skewed, and a variation from this suggests an under-representation
of the sampling [54].

Furthermore, we assessed the taxonomic (or phylogenetic) relatedness of the species
at each site (assemblage) using a metric termed “taxonomic distinctness (∆)”. This is
estimated from the path length (taxonomic distance) between two species organised in
a taxonomic hierarchy (genus, family, order, and class; according to WORMS) to give a
value of between 0 (same species) and 100 (different species), or at a more refined level,
0 = same species, 20 = different species in the same genera, 40 = different genera but
same family, etc. (see Warwick and Clarke [55]). The average of the taxonomic distances
of all species in the assemblage divided by the Simpson diversity index (∆o), gives the
so-called average taxonomic distinctness (∆+), which was determined for each assemblage.
∆+ is more informative of diversity than species richness, which does not account for the
relatedness of the species in an assemblage.

Moreover, we assessed how the species assemblages across the Brunei shelf were
related to one another. For this, we performed a Bray-Curtis similarity analysis based
on presence or absence data, followed by a non-metric Multidimensional Scaling (nMDS)
procedure (PRIMER ver. 6, Plymouth, UK). The nMDS produces a two-dimensional plot for
each species assemblage, such that the distance between the assemblage points indicates
the degree of similarity. Similar assemblages are plotted closer to one another, and more
distantly related assemblages are further apart. This analysis also allows for post-hoc
clustering to discriminate assemblage groups based on the level of similarity.

2.3. Stable Isotope Analyses

Three commonly occurring species were selected from Miliolida, Lagenida, and Ro-
taliida for stable carbon and oxygen isotope analyses (Supplementary Table S2). These
taxa also cover the depth range of the MES sampling sites. Between ~80 and 200 µg of
foraminifera test material were weighed in glass vials. Using a Gas Bench device, the
closed vials were flushed with He, and then the test material was dissolved in phosphoric
acid. The released CO2 was analysed for stable isotopic compositions with a Thermo
Delta-V mass spectrometer, in the stable isotope laboratory of the University of Lausanne
(IDYST, UNIL). The procedure is described in Spötl and Vennemann [56]. The data are
expressed in Permil (‰) in δ-notation, such as δ18O and δ13C relative to VPDB (Vienna Pee
Dee Belemnite international reference standard). The analytical precision was better than
±0.1‰ standard deviation, determined from multiple analyses based on the laboratory’s
in-house standards. In addition, four filtered seawater samples were analysed from scuba
diving sites for the stable isotope composition of oxygen and dissolved inorganic carbon
(DIC) (Supplementary Table S3). The δ13CDIC was analysed using the same settings as used
for the carbonates following the method of Spötl [57], while the δ18O values (and δD) were
obtained using a Picarro device, as described in Halder et al. [58]. The δ18O values of the
water data are expressed relative to VSMOW (Vienna Standard Mean Ocean Water).

3. Results
3.1. Species Richness and Distributions

A total of 99 species of benthic foraminifera belonging to 56 genera (40 hyaline,
37 porcelaneous, and 22 agglutinated forms) were identified (Table 1, Supplementary
Table S1). Newly reported species found on the Brunei shelf are shown in Appendix A.



Diversity 2023, 15, 937 5 of 23

The species distributions of the four main taxonomic groups differed with respect to
distance from the coast and, accordingly, with depth. Miliolida showed the greatest species
richness closer to the coast, while Textulariida, Lagenida, and Rotaliida species were mainly
distributed away from the coastline (Table 1). Textulariida (Table 1) were mainly distributed
towards the outer shelf in MES 24 at 144 m water depth (mwd), where 15 species have
been found before the numbers decrease at MES 29 at 190 mwd. MES 24 has the highest
number of agglutinated species, including deeper species within this group. Miliolida and
Rotaliida (Table 1) have similar distributions throughout the shelf, but Rotaliida has fewer
species in shallower depths compared to Miliolida. Lagenida species are mainly distributed
in abundance towards the outer shelf, including MES 27 and MES 24 (Table 1), which is
opposite to the distribution patterns of Textulariida, Miliolida, and Rotaliida. The number
of species within Lagenida increases with depth and is mainly concentrated within the
middle to outer shelf areas (Table 1).

Collectively, species richness varied among the sites to a depth of 100 metres, then
dramatically increased to the second most deep site (MES 24; 61 species; Figure 2a). The
lowest species richness was found at the deepest site (MES 29; 9 species; Figure 2a). The
occupancy frequency distribution was strongly left-skewed with most species (n = 35)
found at only one site, and one species found at all the sites (Pseudorotalia indopacifica;
Figure 2b, Supplementary Table S1).
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The phylogenetic relatedness of the species in the assemblages, indicated by average
taxonomic distinctness (∆+), ranged between 76 and 89 (Figure 3). Greatest ∆+ was observed
at MES 24 (depth 144 m), and the least ∆+ was observed in the shallowest and deepest
water assemblages (MES 1, MES 5, MES 8, MES 29; Figure 3).
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which 95% of simulated ∆+ values lie, and the dashed line indicates mean ∆+ (see Warwick and
Clarke, 1995).

3.2. Species Assemblage Analysis

The nMDS analysis (Figure 4a) revealed clustering (no overlapping) of the species
assemblages at 30 and 40% similarities. The 40% similarity level revealed five clusters,
whereas the 30% similarity level was especially informative by showing three distinct
clusters (groups I, II, and III; Figure 4a). The relationships between these clusters (i.e.,
assemblage group I being more closely related to group II and then to group III) coincide
with their patterns of distribution in relation to seawater depth and distance from the
coastline (Figure 4b). Group I consists of MES 1, 5, and 8, which share shallow water sites
and are located on the inner shelf (0–50 m). Group II comprises assemblages MES 15, 16,
17, 22, 25, and 27 from the middle shelf zone (50–100 m), but also the deep-water site MES
24 (100–200 m; Figure 4a,b). Group III contains a single assemblage, MES 29, which is
distantly related to the other assemblages and occurs in the deepest water sampled (190 m;
Figure 4a,b).



Diversity 2023, 15, 937 7 of 23

Diversity 2023, 15, x FOR PEER REVIEW 8 of 26 
 

 

 
Figure 4. (a) nMDS showing clusters of the eleven foraminifera assemblages for two levels of simi-
larity. Three clusters are formed at the 30% similarity level. Depth zones are indicated by different 
coloured symbols. (b) A bathymetric map showing that the nMDS pattern of assemblage clustering 
coincides with distribution relative to the shoreline and depth (i.e., assemblage cluster I is more 
closely related to II than to III). 

3.3. Isotope Analyses 
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3.3. Isotope Analyses

Altogether, 47 benthic foraminiferal samples were analysed. The δ18O ranges from
−3.62 to 0.70‰ (Figure 5), while the δ13C varies between −1.18 and 1.57‰ (Figure 6). The
full dataset and the taxon averages are listed in Supplementary Table S2. The seawater
yielded an average δ18O value of −0.64 ± 0.10‰, while the δ13CDIC has a mean value of
−0.41 ± 0.19‰ in the depth range of 5–24.5 m (Supplementary Table S3).
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Figure 5. Oxygen isotope compositions of benthic foraminifera from Brunei as a function of their
depth occurrence. (a) All the data and related regression lines. Note that the specimens with empty
circles are not included in the best-fit function. These are possibly transported from shallower
depths. The secondary y-axis indicates temperatures derived from Equation (1) at a δ18Owater value
of −0.64‰. (b–d) The δ18O data according to different suborders and their given species. Note that
for Miliolina and Lagenina the best fit is represented by a linear function, while for Rotaliina by
logarithmic one.
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rotaliid species of R. gaimardii and the miliolid Q. parkeri tend to have higher δ13C values compared
to other species within their respective group.

4. Discussion
4.1. Species Richness and Distributions

From Textulariida (Table 1), only one species is present (Bigenerina nodosaria) at MES 25
(Supplementary Table S1). This species is common at shelf settings from 60 mwd, which are
also found within the region [27]. Then, starting at MES 24 (144 mwd), 15 species are present,
together with the appearance of Cyclammina subtrullissata, C. trullissata, Cribrostomoides
subglobosus, Rhizammina algaeformis, and Tritaxilina caperata, which are known to be usually
found in deeper depths [24,27,52]. Rhizammina algaeformis is a deep-agglutinated species
with a tubular form, and it is mainly found below 100 mwd [27]. Furthermore, the presence
of C. subtrullissata and C. trullissata together with T. caperata is a significant marker of the
outer shelf environments ([27]. Although C. subglobosus is a deeper species, it is also found
within the inner shelf (see Goeting et al., [18]). This is most likely related to the sediment
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grain size as the inner shelf has finer sediments, a characteristic of deeper settings, and
the availability of organic matter, which is their preference [5] from inputs of rivers to
the Brunei shelf [18]. In the nearshore environment, the agglutinated foraminifera are
more abundant, especially where higher clay content was detected [18]. The sediment
grain size along the inner shelf varies from the northeast side (Muara region), which has
a finer-grained seafloor compared to the southwest side (Tutong region) of the shelf [18].
Textularia cf. agglutinans (Supplementary Table S1) is a commonly found taxa in these
sites, but it is also found in deeper waters [59] and is associated with muddy sand [38,60].
Agglutinated foraminifera are known to occur in salt marshes, marine shelf, bathyal zones,
and abyssal zones [5] which are also found within the region especially the marine shelf,
bathyal zones, and abyssal zones [24,27].

From Miliolida (Table 1), on the inner shelf, there is the presence of shallower, larger
benthic miliolid species such as Dendritina zhengae, Parasorites orbitolitoides, Peneroplis plana-
tus, and Alveolinella quoyi (Supplementary Table S1) that are mainly present in shallow
waters in tropical seas [7,33,53,61]. The species P. planatus prefers shallow waters, clinging
to small macroalgae [53]. The genus Dendritina is usually found avoiding shallow ener-
getic waters and is hence mainly found in 10–40 mwd between sand grains. Furthermore,
A. quoyi is found until 50 mwd and P. orbitolitoides until 60 mwd [53], but can occur much
deeper at almost 80 mwd in Sesoko Island, Okinawa, Japan [62]. However, throughout
the samples, the species D. zhengae is more common compared to the other larger benthic
species, which are present but most likely concentrated in reef environments. Interestingly,
the presence of P. orbitolitoides is usually found in oligotrophic settings [53], but it seems
to be living in different trophic conditions [7,33], especially here in the shallower depths
of the Brunei shelf which is known in previous studies [17,18]. Furthermore, towards the
outer shelf zone, Pyrgo vespertilio and Triloculina vespertilio appear (Supplementary Table S1),
which are also common species found within the Indo-Pacific region [24,33,52]. However,
they are found at a much shallower depth from these studies which could be related to the
transport of shallower miliolid species towards deeper depths. The smaller miliolids are
mainly distributed towards the transect samples rather than at the reef and wreck sites [18],
therefore being mainly distributed towards soft sediment substrate rather than at sites with
harder substrate. The larger miliolid species are mainly concentrated in the reef sites in
Brunei [17]. Miliolids are common in shallow environments [52] although they can still be
found in greater depths [27], but they are mainly concentrated in shelf settings.

From Lagenida (Figure 2a), there are more lagenid species found compared to the
previous study by Goeting et al. [18], where there is a higher diversity of this taxon,
especially towards the outer shelf zone (>60 mwd). This is also the case in the Sunda
shelf [27] and the Sahul shelf [24], where species such as Marginulinopsis philippinensis,
Saracenaria angularis, and Spincterules compressus are also found and mainly distributed from
the inner shelf to upper bathyal from 140 to 270 mwd. These species are reported for the
first time in the Brunei shelf starting at MES 27 (92 mwd) until MES 29 (190 mwd), which is
shallower than the usual distribution in the region, but since the samples are sieved through
500 micrometres, there is a possibility of loss of lagenid species. Lagenids are infaunal
and usually occur in deeper marine environments below the photic zone (50 m) [28,63],
feeding on the available organic matter within the sediment [18]. They are also found in
sites with higher clay content, which is seen in one of the nearby wreck sites, (Dolphin
wreck) DW [18], but does not have a higher species richness compared to lageninds found
in much deeper depth within the MES sites below 60 mwd. Hence, there could be more
lagenid species in the deeper setting that have yet to be reported on the Brunei shelf.

From Rotaliida, there are newly reported species within this group, such as Neoassilina
discoidalis, Operculina complanata, and Amphistegina papillosa from the LBF group (Figure A8),
while from the SBF group are Uvigerina schwageri and Paracibicides edomica (Figure A8).

N. discoidalis and O. complanata can occur until depths of 100 to 120 mwd, respec-
tively [53], but in the West Pacific [61], O. complanata has a deeper distribution compared to
N. ammonoides; hence, these species can be seen still present in deeper sites until around
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140 mwd (MES 24). Compared to the study by Goeting et al. [18], the only operculinid
species found throughout the inner shelf is N. ammonoides, which is also found in the MES
sites. This species is also commonly found in the shelf environment on the Sunda shelf [27],
New Caledonia [52], and Sahul shelf up to 140 mwd [24]. However, the presence of more
operculinid species suggests that the environment is suitable for their living conditions, as
they prefer light for their symbionts and less energetic environments [5,61,64]. Therefore,
they occur in deeper environments when terrestrial input is reduced, resulting in enhanced
water clarity and hence deeper light penetration through the water column.

Uvigerina schwageri and P. edomica are present in the mid-to-outer shelf zone from MES
22 to MES 29 (92 to 190 mwd) (Supplementary Table S1). P. edomica is mainly distributed in
deeper depths in the Sahul shelf at around 80 mwd [24] and from inner to upper bathyal
in the Sunda shelf [27]. However, U. schwageri is found slightly deeper in the Sahul shelf
at around 100–150 mwd [24] and is mainly distributed on the outer shelf in the Sunda
shelf [27]. Both of these smaller benthic species are marker species towards deeper marine
shelf environments.

In Goeting et al. [18], the rotaliids are mainly distributed around sunken wrecks and
nearby reefal localities, and some have increased numbers along the Tutong transect. The
reef sites are concentrated with LBF species [17], which are not commonly found in the
MES sites except for A. papillosa at MES 1 and MES 5 (14–30 mwd) and the operculinids
(Supplementary Table S1). Furthermore, A. pulchella is also found in the MES sites in
addition to previous studies [18] until 144 mwd (MES 24) (Supplementary Table S1) but
was also reported from the Sunda shelf within 100 mwd [27]. Two other species recovered
in the MES sites, Pseudorotalia indopacifica and P. schroeteriana, are common within the inner
shelf zone [18]. P. indopacifica is distributed deeper compared to P. schroeteriana, which is
similar to what Gallagher et al. [65] observed in the Sunda shelf [27], such as P. indopacifica
here, which is found up to 226 mwd, while P. schroeteriana is found up to 166 mwd.

A crucial finding of this study was the general pattern of increasing species richness
with increasing depth along the Brunei shelf such that the greatest richness was observed
at a depth of 144 m (MES 24; Figure 2a). There are several possible reasons for this pattern,
including (1) greater habitat disturbance in the shallower waters; (2) greater time (ecological
and evolutionary) for community establishment in the deeper water; (3) the introduction of
novel deep water specialist taxa; and (4) a sampling artefact. Despite the less-than-perfect
sampling protocol, the latter seems least likely, especially when considering the tendency
towards flattening the species-accumulation curve (Figure 2c). Such a pattern suggests
that the sampling is representative of the overall foraminiferal species richness (for the
500 µm size fraction) for the Brunei shelf. However, the occupancy analysis suggests that
site-specific species richness might not be very well reflected by the sampling protocol
(Figure 2b). Normally, occupancy frequency distributions tend towards being right-skewed
unimodal curves, which indicate relatively fewer rare species, in contrast to the left-skewing
curve observed for our data. This pattern might be explained by an inappropriate grain
size (sampling unit or number of samples for each site) necessary to better capture site-
specific species richness [54]. Nonetheless, the data are still highly interpretable when
considering the variation in taxonomic distinctness across the sites and site assemblage
groupings relative to the broad depth categories. A reduced taxonomic distinctness is
commonly associated with habitat disturbance [55]. This was observed for the shallower
water sites (MES 1, 5, and 8; Figure 3) and may be a function of natural instability of
the seafloor (ground swells) or anthropogenic disturbance (fishing, oil drilling and oil
rig deconstruction) in the shallower waters of the shelf. Greater taxonomic distinctness
usually implies less disturbance and/or greater niche specialization (adaptation). In the
present study, this may refer to greater colonization of deeper water by foraminiferal
species, especially at MES 24. The details of the species contributing to this taxonomic
distinctiveness across sites are given in the above discussion, and in summary, they suggest
an introduction into the deeper water assemblages of agglutinated and lagenid foraminifera
species (Table 1).
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4.2. Species Assemblage Analysis

The most useful information derived from the nMDS was the formation of three assem-
blage clusters sharing 30% of their species (Groups I, II, and III; Figure 4a). Furthermore, the
relationships of the assemblages in each group and the relationships between the groups
conform with site depth. For example, Group I contained assemblages on the inner shelf
(0–50 m), Group II contained assemblages between 50 and 100 m but also a deepwater
assemblage (144 m, MES 24), and Group III contained the single deepest assemblage (190 m,
MES 29). Additionally, the assemblages in Group I were more similar to those of Group II
(slightly deeper) than to those of Group III (deepest).

Although we refer to depth, the distributions of species within assemblages must
respond to a range of environmental factors that covary with distance from the shore
and water depth, including greater water clarity (reduced suspended sediment effect),
cooler temperature, and more stable oceanic salinities and pH in the deeper water [48,66].
Additionally, the seafloor and sediment properties must influence species distributions
along the depth gradient of the Brunei shelf. The observed pattern of foraminiferal as-
semblage distributions in relation to inferred seawater parameters and distance from the
shore bears similarity to that seen along the coastline of China [67]. Because foraminifera
are good ecological indicators, our findings suggest that similar patterns may occur in
other marine benthic taxa (e.g., polychaetes, amphipods). Importantly, these findings
represent the first indication of three distinct possible marine biotopes on the Brunei shelf,
which has far-reaching implications for future marine environmental conservation and
resource management.

4.3. Stable Isotope Analyses

The δ18O values of the benthic foraminiferal tests show a distinct decreasing trend
from deeper to shallower depth. There are few clear outliers that can be explained by the
downward transport of the foraminifera test, while the larger scatter of the dataset could be
related to the bulk sediment sampling resulting in some temporal mixing. As the oxygen
isotopic composition of the biogenic calcite is a function of the ambient water temperature
and water isotopic composition (e.g., [68]), the decreasing trend is best explained by the
anticipated colder temperature at greater depth than that of shallower setting. However,
in the coastal region, freshwater runoff may also induce variation in the water isotopic
composition (δ18Owater). The classic paleotemperature equation [68,69] is as follows:

T(◦C) = 15.75 − 4.3 × (δ18Ocarb-VPDB − δ18Owater-VSMOW) − 0.14 × (δ18Ocarb-VPDB − δ18Owater-VSMOW)2 (1)

This equation can be used to obtain quantitative temperature data. Based on our
foraminifera oxygen isotope results and using our average δ18Owater value of −0.64‰, a
temperature range of 10.2 to 29.8 ◦C can be calculated (Figure 5a). The array fits well with
our observation in a shallow water environment where the top 20–30 metres of the seawater
is 29–31 ◦C during July–September (southwest monsoon), meanwhile the temperature
drops to as low as 24–25 ◦C during December–March (northeast monsoon). The deep-water
temperature data are slightly lower than reported for the South China Sea [70]. However,
our deepest water oxygen isotope data comes from only 24.5 mwd, and the deeper water
body could have higher δ18O composition as it is less affected by the continental runoffs
of the tropical coastline. Using the global average seawater value of 0‰ would result in
~13 ◦C at a depth of 190 metres (MES29).

As a third factor, species-related isotope offset from the equilibrium precipitation of
the tests might as well be expected (i.e., vital effect, see [71]). When the δ18O data are
separated based on the different taxa, the obtained isotope data versus depth relationships
are strong and seem independent of the species (Figure 5b–d). For Rotaliina, there is a
larger scatter, especially in the shallower environment (<50 m), that could be a result of
greater variation in δ18Owater. Nevertheless, the obtained relationships may as well be used
to estimate paleo-depth from analyses of fossil foraminifera of the same size range derived
from shallow water deposits in northern Borneo.
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The carbon isotope composition of marine carbonates is generally related to that of
the dissolved inorganic carbon (DIC) in seawater (e.g., [71,72]), which is dominated by
the bicarbonate ion. The average δ13CDIC for the ocean is 0–1‰, but on the water surface,
higher values can be expected due to photosynthesis, while bottom water δ13CDIC is often
lower due to organic matter degradation, especially in shelf areas. In shallow coastal
settings, continental input may also induce some variation in the DIC composition. The
fractionation between marine carbonate and DIC is small and relatively insensitive to
temperature, but marine carbonates in equilibrium with DIC generally have 1 to 2 permil
higher values than seawater DIC (e.g., [73]). The δ13C composition of foraminiferal tests
also depends on the habitat of the given taxa (epi- vs. infaunal, symbiont-bearing taxa, etc.),
and some are also known about their vital effect on the isotopic composition when growing
their test (e.g., [71]). Generally, the δ13C results from the benthic foraminiferal tests and
seawater fit well with the described carbon dynamics and habitat conditions in the shelf
areas of Brunei. The overall data scatters around an average of 0.27‰, which variation is
larger in shallower depth (<50 m) (Supplementary Table S2, Figure 6a). This latter may be
explained by higher amounts and various nutrient sources from the land. When the data
are grouped based on the different taxa, some further details can be detected. Lagenids
have the most restricted variation in δ13C with no differences among the investigated three
species (0.19 ± 0.28‰, n = 13) (Figure 6d). Among the three rotaliids, the two Pseudorotalia
species vary more than that of the lagenids, but on average around 0‰. However, the
species Rotalinoides gaimardii yielded significantly higher δ13C values of 1.02 ± 0.13‰
(n = 6) (post hoc Tukey test p < 0.05) (Figure 6b). The miliolids are the ones that scatter
the most in their δ13C (Supplementary Table S2, Figure 6c), which may indicate access
to and alternate use of different carbon sources. Interestingly, the shallow-water species
Q. parkeri tend to have higher, more positive δ13C composition when compared to the
co-occurring C. granulocostata, which yielded negative values too (Figure 6c). Though
only few specimens have been analysed, the observed differences within the rotaliid and
miliolid species could indicate different habitats and/or use of different food sources [6],
but alternatively could also reflect a different way of biomineralization (i.e., vital effect).
A wider scale of study together with in vitro growth of foraminifera could help further
studies in these scenarios.

5. Conclusions

This study shows an increase in benthic foraminiferal (>500 microns) species richness
in deeper waters of the Brunei shelf. While the study on the MES sites revealed unreported
species from inner to outer shelf zones, the additional data from previous studies of the
Brunei shelf have given a complete view of the changes in foraminiferal assemblages
throughout the shelf, which are related to depth, distance from the shore, substrate type,
and light intensity.

Species richness increases from 14 to 144 m of water depth (mwd) but drastically
decreases at 190 mwd, suggesting a shift towards deeper assemblages. δ18O results from
selected species support the expected temperature variation with depth, but coastal sites
may be influenced by continental runoffs. δ13C data of certain rotaliid and miliolid species
show variations reflecting specialized habitats, but this separation is not observed in the
investigated lagenid species.
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Figure A1. 1A–C. Rhizammina algaeformis; 2A,B. Reophax cf. agglutinans; 3A,B. Reophax communis; 4A–
C. Reophax scorpiurus; 5A–C. Cyclammina subtrullisata; 6A–C. Cyclammina trullisata. 

Figure A1. 1A–C. Rhizammina algaeformis; 2A,B. Reophax cf. agglutinans; 3A,B. Reophax communis;
4A–C. Reophax scorpiurus; 5A–C. Cyclammina subtrullisata; 6A–C. Cyclammina trullisata.
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Figure A2. 1A–C. Tritaxilina caperata; 2A,B. Cylindroclavulina sp.; 3A,B. Bigenerina agglutinans; 4. 
Bigenerina cf. agglutinans?; 5A,B. Bigenerina sp.; 6. Textularia goessi; 7A,B. Textularia porrecta; 8A,B. 
Textularia pseudogramen; 9A,B. Textularia stricta. 

Figure A2. 1A–C. Tritaxilina caperata; 2A,B. Cylindroclavulina sp.; 3A,B. Bigenerina agglutinans;
4. Bigenerina cf. agglutinans?; 5A,B. Bigenerina sp.; 6. Textularia goessi; 7A,B. Textularia porrecta;
8A,B. Textularia pseudogramen; 9A,B. Textularia stricta.
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Figure A3. 1A,B. Planispirinella exigua/sp.; 2A–C. Spiroloculina subimpressa; 3A,B. Spiroloculina sp.1; 
4A–C. Lachlanella sp.; 5A–C. Quinqueloculina cf. Bicarinata; 6A–C. Quinqueloculina granulocostata. 

Figure A3. 1A,B. Planispirinella exigua/sp.; 2A–C. Spiroloculina subimpressa; 3A,B. Spiroloculina sp.1;
4A–C. Lachlanella sp.; 5A–C. Quinqueloculina cf. Bicarinata; 6A–C. Quinqueloculina granulocostata.
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Figure A4. 1A–C. Quinqueloculina sp. 2; 2A–C. Flintina (Triloculina) bradyana; 3A–C. Pyrgo vespertilio; 
4A–C. Triloculina vespertilio. 

Figure A4. 1A–C. Quinqueloculina sp. 2; 2A–C. Flintina (Triloculina) bradyana; 3A–C. Pyrgo vespertilio;
4A–C. Triloculina vespertilio.
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Figure A5. 1A–H. Dendritina zhengae; 2A,B. Parasorites orbitolitoides. Figure A5. 1A–H. Dendritina zhengae; 2A,B. Parasorites orbitolitoides.
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Figure A6. 1. Dentalina catelunata; 2A,B. Dentalina vertebralis; 3A,B. Dentalina sp. 1; 4. Dentalina sp. 2; 
5. Nodosaria pyrula; 6A,B. Laevidentalina californica; 7A,B. Pyramidulina catesbyi; 8A,B. Pyramidulina 
obliquatus; 9A,B. Pyramidulina sp. 1; 10A,B. Lenticulina echinata; 11A,B. Lenticulina limbosa; 12A,B. 
Lenticulina vortex. 

Figure A6. 1. Dentalina catelunata; 2A,B. Dentalina vertebralis; 3A,B. Dentalina sp. 1; 4. Dentalina
sp. 2; 5. Nodosaria pyrula; 6A,B. Laevidentalina californica; 7A,B. Pyramidulina catesbyi; 8A,B. Pyra-
midulina obliquatus; 9A,B. Pyramidulina sp. 1; 10A,B. Lenticulina echinata; 11A,B. Lenticulina limbosa;
12A,B. Lenticulina vortex.
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Figure A7. 1A–F. Marginulinopsis philippinensis; 2A,B. Saracenaria angularis; 3. Spincterules compressus; 
4. Amphicoryna sublineata; 5A,B. Planularia gemmata; 6A,B. Lagena annulatacollare?; 7. Lagena spicata. 

Figure A7. 1A–F. Marginulinopsis philippinensis; 2A,B. Saracenaria angularis; 3. Spincterules compressus;
4. Amphicoryna sublineata; 5A,B. Planularia gemmata; 6A,B. Lagena annulatacollare?; 7. Lagena spicata.
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Figure A8. 1A,B. Uvigerina schwageri; 2A–C. Paracibicides edomica; 3A-C. Amphistegina papillosa; 4A–
C. Operculina complanata; 5A,B. Neoassilina discoidalis. 
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