* water

Article

Effect of Seawater and Surface-Sediment Variables on Epipelic
Diatom Diversity and Abundance in the Coastal Area of Negeri
Sembilan, Malaysia

Ahmed Awadh Sas 12, Su Nyun Pau Suriyanti 1309, Simon Kumar Das 1-3(V and Zaidi Che Cob -3*

check for
updates

Citation: Sas, A.A.; Suriyanti, S.N.P;
Das, S.K.; Cob, Z.C. Effect of
Seawater and Surface-Sediment
Variables on Epipelic Diatom
Diversity and Abundance in the
Coastal Area of Negeri Sembilan,
Malaysia. Water 2022, 14, 3187.
https:/ /doi.org/10.3390/w14193187

Academic Editor: Liudmila
S. Shirokova

Received: 29 August 2022
Accepted: 7 October 2022
Published: 10 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Earth Sciences and Environment, Faculty of Science and Technology,
Universiti Kebangsaan Malaysia, Bangi 43600, Malaysia

Department of Marine Biology, Faculty of Environmental Science and Marine Biology,
Hadhramout University, Mukalla P.O. Box 50512, Yemen

Marine Ecosystem Research Center (EKOMAR), Faculty of Science and Technology,
Universiti Kebangsaan Malaysia, Bangi 43600, Malaysia

Correspondence: zdcc@ukm.edu.my

Abstract: Benthic diatoms are important components of marine shallow-water habitats that may
affect primary production, stabilize sediment, and produce extracellular polymeric substances.
Benthic diatoms are useful for estimating the trophic status of marine ecosystems. In this study,
we investigated the diversity and abundance of benthic diatoms to integrate these data with the
physicochemical characteristics of shallow coastal areas in Negeri Sembilan. A total of 39 species of
epipelic diatoms were extracted by removing organic matter from sediments that were dominated
by pennate diatoms. Results showed that Diploneis crabro, Eunotogramma laevis, Actinoptychus sp.,
and Cocconeis placentula were the important species in the area. The abundance varied between
1.85 x 103 and 3.43 x 103 cells/g, and the diversity index fluctuated between 2.13 and 2.58. The
abundance had significant positive correlations with seawater surface temperature (SST) but had
negative correlations with pH and NHj3. The diversity on the other end was positively correlated with
SST but negatively correlated with total suspended solids and SiO,. Principal component analysis
(PCA) demonstrated that the abundance of D. crabro, E. laevis, and Actinoptychus sp. can be attributed
to high levels of NO,~, NHj3, and total dissolved solids. PCA also showed positive correlations
of C. placentula with NO3~and SiO, but negative ones with PO43~ and pH. The epipelic diatom
community showed high diversity with high variations throughout the study area.

Keywords: benthic diatom; species; pennate; variations; Negeri Sembilan

1. Introduction

Coastal areas are highly productive regions of the ocean, with high contributions
from planktonic and benthic primary production. Although coastal areas and estuaries
constitute less than 10% of the ocean, they contribute up to 30% of the ocean’s primary
production [1,2]. They serve as important nursery grounds for fish larvae, habitats for
benthic organisms, and feeding grounds for many marine animals [3]. Coastal areas are
also the epicenter of human settlement and activities, where almost three-quarters of the
world’s human population resides. Consequently, an unprecedented increase in nutrients
and other environmental issues associated with coastal development has occurred [4].
Problems such as nutrient over-enrichment and eutrophication of estuarine and coastal
ecosystems are common and accelerating [4].

Diatoms (Class Bacillariophyceae) constitute the main mass of marine phytoplankton
and have a worldwide distribution, with recent estimates ranging from 12,000 to 30,000
species, contributing around 20% of the total phytoplankton primary production [5,6].
Diatoms in estuaries or shallow marine systems can be classified into two groups, namely
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the benthic and pelagic groups. The former can be resuspended into the water column by
turbulence [7]. Epipelic diatoms often dominate the microphytobenthos, which is important
for the primary productivity of the benthic zone [8]. Their diversity and composition can
be influenced by wide-ranging environmental variables [9,10], and their growth forms
show a distinct distribution among intertidal habitats characterized by different types of
sediment [11,12].

Physicochemical variables such as water temperature, salinity, nutrients, pH, and DO
are among the most important factors controlling phytoplankton growth, diversity, and
production in marine environments [13,14]. Epipelic diatoms provide many benefits in the
coastal area, such as being a source of primary production and the main food source for
microherbivores. They can also be used for biological monitoring because they lie at the
base of aquatic food webs and are among the first rapid response to the environmental
stress of organisms [10,15]. Despite their ubiquity and functional importance, the spatial
and temporal patterns of the abundance and diversity of epipelic diatom groups are
poorly understood. In Malaysia, the taxonomic composition of intertidal epipelic diatom
communities remains relatively unknown. Conversely, the phytoplankton taxonomy of
Malaysia has been studied in detail over the years [16]. Previous studies on phytoplankton
in the Malacca Straits have been conducted by several authors [16-25]. They have shown
that diatoms are highly dominant in plankton and contribute as main actors in the pelagic
realms. Diatoms may also be the dominant group in the benthic area, but this aspect has
rarely been reported within the Malacca Strait areas. Benthic diatoms are indeed a very
important component of coastal and estuarine systems and represent a key component in
the primary production of these coastal habitats. They are responsible for up to 30% of
carbon fixation of those ecosystems, so they are suppliers of organic compounds to grazers
to deposit feeder’s aquatic organisms, including macro- and meiofauna. Accordingly,
the current research aims to fill the gaps and contributes to the knowledge of epipelic
diatom diversity and abundance in coastal habitats, as well as to evaluate the role of
physicochemical variables in affecting the epipelic community composition in the intertidal
zone of the Port Dickson Coast of Negeri Sembilan, Malacca Straits area, Malaysia.

2. Materials and Methods
2.1. Study Area

The study area was located within the coastal area of Port Dickson, in Negeri Sembilan,
Malaysia. The coast is about 54 km long and faces the Straits of Malacca. Field samplings
were conducted in December 2019, during low-tide periods. Surface sediment samples were
collected from six sampling stations (denoted as St.1 to St.6) located within the intertidal
zones, with five replicate samples at each station. These five samples were collected from
each site and composited into one homogeneous sample representing the station (Figure 1).
The epipelic diatoms were sampled using a PVC core of 8.4 cm diameter, and sampling was
performed on the same day, with a time difference of less than half an hour between stations.
The top 1 cm layer of wet and exposed surface sediments at the edge of the seawater was
collected. The sediments containing epipelic diatoms were placed in a black polythene bag
and maintained in darkness in a refrigerator until processing in the laboratory [26].

2.2. Epipelic Diatom Extraction and Counting

Epipelic diatoms were collected and extracted according to the method described
by [27,28]. Around 1 g of wet weight of surface sediment was heated at 70 °C with 30%
hydrogen peroxide (H,O,) and 10% HCI in a water bath until all organic matter and
carbonates were digested. The sediment was subsequently washed with deionized water
and left to settle to remove the acids. Around 0.5 mL of cleaned sample was transferred
to a cover slip and air dried on a warm hotplate. Three prepared slides from each sample
were counted for the epipelic species, resulting in three replicate abundance estimates.
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Figure 1. Study area located along the Port Dickson coast, Malaysia, stretching from Sungai Sepang
in the north to Tanjung Tuan in the south. Circles indicate the sampling stations.

Counting and identification were conducted under a compound light microscope (Leica
DM1000 LED, Wetzlar, Germany) with a counter chamber (Sedgwick-Rafter, Graticules Op-
tics Limited, Cambridge, UK). Identification was based on previous descriptions [26,29-31].
Epipelic diatom diversity and richness were calculated using the Shannon-Wiener index [32]
and Margalef’s index [33].

2.3. Environmental Parameters

Surface seawater temperature (SST), surface seawater salinity (SSS), dissolved oxygen
(DO), electrical conductivity (EC), total dissolved solids (TDS), and pH were measured
in situ with a handheld GPS Aquameter (AP 700, Bath, UK). Around 3 L of seawater
samples were collected in a plastic container from the intertidal zone and immediately
kept in a cool condition before transporting back to the laboratory for nutrient analysis.
Nitrate (NO3"), nitrite (NO?~), ammonia (NH3), silica (SiO5), and phosphate (PO43)
were analyzed using a HACH DR2010 spectrophotometer (HACH Company, Loveland,
CO, USA). Total suspended solid (TSS) concentrations were determined by a previously
described method [34]. For chlorophyll-a analysis, the seawater samples were passed
through a GF/F filter paper (Whatman GF/F-F4-4700, Maidstone, UK), which was then
covered with aluminum foil and placed in a deep freezer (Haier DW-40L262, Qingdao,
Shandong, China) in darkness at —20 °C until extraction with 10 mL of 90% acetone [35].
Chlorophyll-a was determined with a spectrophotometer (Shimadzu UV /VIS mini-1240,
Kyoto, Japan). Results were compared with the Malaysian Marine Water Quality Standards
(MMWQS) published by the Department of Environment, Malaysia [36]. Sediment organic
matter (OM) was estimated by the percentage loss on ignition technique as described by [37].
A half-gram of wet sediment was oven dried for ~24 h at 90 °C (Memmert universal oven
UNB30, Biichenbach, Baden-Wiirttemberg, Germany) to a constant weight. The remaining
dry sediment was then combusted in a muffle furnace (Daihan scientific co. ltd., Gangwon,
South Korea)) at 550 °C for 4 h for complete ignition of the OM. After ignition, the sediment
samples were cooled in a desiccator, and the weight loss (% dry weight) was determined.
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2.4. Data Analysis

Statistical data analysis (Pearson correlation coefficient) was performed using SPSS 20.0
(IBM, Armonk, NY, USA). To characterize physicochemical variables and their influence on
epipelic diatoms in the study stations, principal component analysis (PCA) was performed
using a dataset of 14 seawater parameters and epipelic diatom abundance data in the
study area.

3. Results
3.1. Environmental Conditions

The spatial variations in physicochemical variables along the coastal area are summa-
rized in Figures 2 and 3. In general, temperature variations in the coastal waters of the
Port Dickson coast are small, ranging from (28.73 £ 0.26) °C in 5t.3 to (31.19 £ 0.28) °C
in St.5. However, the variations in SSS levels are high, ranging from (20.20 4 0.26) ppt
in St.3 to (27.33 £ 0.35) ppt in St.5. The pH ranged from 7.72 4 0.30 in St.1 to 8.34 & 0.38
in St.2, and the DO ranged from (6.72 £ 0.33) mg/L in St.5 to (7.74 £ 0.30) mg/L in
St.1. The EC was relatively consistent, ranging from (26,220.67 £ 27.08) uS/cm in St.1
to (30,853.75 £ 18.6) uS/cm in St.6. The TDS also showed high variations, ranging from
(18,532.67 £ 13.7) mg/L in St.6 to (19,420.33 £ 15.31) mg/L in St.4, whereas the TSS fluc-
tuated between (45.4 £ 0.83) mg/L in St.4 and (77.91 + 0.95) mg/L in St.1. The sediment
OM varied between 21.00 + 0.8% and 25.85 + 0.49%, with maximum values in St.6 and
minimum in St.2 (Figure 2).

Among the nutrients, NO3~ ranged from (0.018 £ 0.0014) mg/L in St.5 to (0.033 +
0.0007) mg/L in St.3. The NO,~ concentrations were relatively lower, ranging from
(0.002 £ 0.0006 and =+ 0.0012) mg/L in St.5 and St.6, to (0.01 = 0.007) mg/L in St.2. NHj
ranged from (0.38 & 0.021) mg/L in 5t.6 to (0.53 &= 0.014) mg/L in St.3, which was much
higher than the nitrate + nitrite levels. POy~ concentrations were not as pronounced as
the ammonia, with the highest concentration recorded in St.5 (0.21 £ 0.011) mg/L and
the lowest in 5t.2 (0.04 & 0.002) mg/L. SiO; ranged from (0.08 £ 0.011) mg/L to (0.11 £+
0.014 and £ 0.012) mg/L, with the lowest concentrations in St.1 and highest in 5t.2 and
5t.5. The range of concentration for Chl-a in the six stations was from 0.10 4= 0.028 mg/L
to 0.13 £ 0.021 mg/L, with the highest concentration recorded at St.6 and the lowest at
St.5 (Figure 3).

3.2. Dynamics of Epipelic Diatoms

A total of 39 epipelic diatom species were collected and identified, and the pennate
diatoms (78% at St.5) were more dominant than the centric ones (47% at St.1) (Figure 4a). The
overall diatom abundance ranged from (1.85 x 10% & 0.09 cells/g) in St.3 to (3.43 x 10° &
0.18 cells/g) in St.6 (Figure 4b). The Shannon-Wiener diversity index (H’) was relatively high,
ranging from 2.13 in St.1 to 2.58 in St.4, whereas the Margalef’s richness index ranged from
1.32 in 5t.2 to 2.08 in St.5.

The percentage composition of diatom species recorded at each station is summarized
in Table 1. Cocconeis placentula and Eolimna minima were the most common species, with 67%
occurrence. Notably, each station was dominated by different species, where C. placentula
was dominant in St.1 (41%), Diploneis crabro in St.2 (24%), Eunotogramma laevis in St.3 (34%),
Actinoptychus sp. in St.4 (15%), Amphora sp. in St.5 (28%), and Coscinodiscus sp. in St.6
(15%) (Table 1 and Figure 5). These results indicated high spatial variations in epipelic
distribution along the stations.
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Figure 2. Variations in seawater parameters (mean + SD) along the study area: seawater surface
temperature (SST) and salinity (SSS); pH and dissolved oxygen (DO); electrical conductivity (EC) and
total dissolve solid (TDS); and total suspended sediment (TSS) and organic matter (OM).
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and silica (Si0,).
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Table 1. List of epipelic diatoms species predominance (%) at the sampling stations along Port
Dickson coast, Malaysia. Occurrence (%Pr): 0-20 (sporadically, S); 21-40 (rarely, R); 41-60 (commonly,
C); 61-80 (frequently, F); and 81-100 (highly frequently, H).

St.1 St.2 St.3 St.4 St.5 St.6 %Pr  Class

Actinoptychus sp. 9 3 15 50 C
A. undulates (J.W.Bailey) Ralfs, 1861. 3 3 5 50 C
Amphora arenaria Donkin, 1858. 13 8 4 50 C
Amphora sp. 2 5 28 50 C
Auliscus elegans Auliscus elegans var. californica 4 5 8 50 C
(Grunow in Schmidt et al.) Rattray, 1888.

Caloneis sp. 8 3 33 R
Campylodiscus sp. 7 3 6 50 C
Cocconeis placentula Ehrenberg, 1838. 41 14 5 1 67 F
C. radiatus Ehrenberg, 1840. 12 17 X
C. gigas var. praetexta (Janisch) Hustedt, 1930. 7 9 11 50 C
Coscinodiscus sp. 6 15 33 R
Cyclotella striata Grunow in Van Heurck, 1882. 6 8 13 50 C
Diploneis crabro Ehrenberg, 1854. 24 5 2 50 C
Diploneis obliqua (Brun) Hustedt, 1937. 11 17 X
Eunotogramma laevis Grunow, 1883. 34 5 6 50 C
fgéz;i?nu minima (Grunow) Lange-Bertalot & W.Schiller, 5 6 8 - 67 F
Gyrosigma eximium (Thwaites) Boyer, 1927. 3 6 33 R
Lyrella clavata (Gregory) D.G.Mann, 1990. 10 17 X
Lyrella sp. 5 2 33 R
Mastogloia angulata Lewis, 1861. 5 6 4 50 C
Melosira sp. 3 3 11 50 C
Navicula sp. 4 17 X
N. longa (Gregory) Ralfs ex Pritchard, 1861. 9 17 X
N. peregrine 4 4 33 R
Nitzschia sigma (Hantzsch) Grunow, 1878. 7 17 X
Odontella sp. 5 10 33 R
O. mobiliensis (J].W.Bailey) Grunow, 1884. 3 17 X
Paralia sulcate (Ehrenberg) Cleve, 1873. 5 1 33 R
Petroneis granulate (Bailey) D.G.Mann, 1990. 4 8 1 50 C
Pinnularia sp. 7 17 X
P. aestuarii Cleve, 1895. 3 17 X
Pleurosigma sp. 10 4 33 R
P. naviculaceum Brébisson, 1854 4 4 17 X
pseudo-nitzschia sp. 2 17 X
Surirella sp. 7 17 X
S. fastuosa (Ehrenberg) Ehrenberg, 1843. 6 17 X
S. spiralis Kiitzing, 1844 2 17 X
Thalassiosira sp. 3 8 8 50 C
Triceratium sp. 13 17 X

The correlations between the epipelic diatom’s abundance and diversity against vari-
ous environmental parameters are presented in Table 2. Significant positive correlations
existed between abundance of epipelic diatom taxa against SST and TSS (p < 0.05), and
significant negative correlations existed among the abundance of the epipelic diatom com-
munity and pH and NHj (p < 0.05). Meanwhile, the epipelic diversity showed a significant
negative correlation with TSS and SiO; and a significant positive correlation with SST
(p < 0.05). Further analysis using PCA showed eigenvalues of 6.20 and 2.80, respectively,
which explained 79.83% of the variance (Figure 6). The abundance of D. crabro, Actinopty-
chus sp., and E. laevis in St.2, St.4, and St.3 were positively correlated with NO,~, DO, NHj3,
and TDS and negatively correlated with OM and SSS. Amphora sp. in St.5 was positively
correlated with SST, EC, Chl-a, PO43~, and pH but negatively correlated with SiO,, NOs;~,
and TSS. Coscinodiscus sp. in St.6 was positively correlated with SSS and OM.
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Figure 5. Scanning electron micrographs of the most common species in different stations:
(A) Diploneis crabro, (B) Cocconeis placentula, (C) Actinoptychus sp., (D) Eunotogramma laevis, (E) Am-
phora sp., and (F) Coscinodiscus sp.

Table 2. Pearson’s correlation coefficient (r and p value) of epipelic diatom abundance (cells/g) and di-
versity (H’) against significant physicochemical variables at Port Dickson coast. Asterisk (*) indicates

significance at 0.05 level (2-tailed). Parameters with no significant correlations were excluded.

Physicochemical Abundances of Epipelic Diatom

Diversity of Epipelic Diatom

Variables Communities (cells/g) Communities (H’)

r p Value r p Value
SST (°C) 0.63 0.03 * 0.58 0.04*
pH —0.58 0.04 * 0.43 0.16
TSS (mg/L) 0.53 0.08 * —0.85 <0.01*
NH; (mg/L) —0.67 0.02* 0.07 0.83
SiO; (mg/L) 0.36 0.25 —0.63 0.03 *
Chl-a (mg/L) 0.74 <0.01* —0.11 0.73
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Figure 6. Principal component analysis ordinations of the dominant epipelic diatom species and
physiochemical variables measured at six stations along the Port Dickson coasts, Malaysia.



Water 2022, 14, 3187

90f13

4. Discussion
4.1. Environmental Conditions

Physicochemical variables were measured to determine the coastal-water quality
parameters that may affect the epipelic diatom distribution in the different study stations.
The SST values were relatively high and stable, with a mean value of 30.36 °C £ 0.89 °C,
which is the standard for tropical coastal waters [38]. Increasing temperature can lead to
changes in the distribution patterns of benthic diatoms [39]. This phenomenon was found
in the current study, where the highest number of epipelic species was recorded at St.5
with the highest temperatures, whereas the opposite was at 5t.3. Conversely, the SSS levels
showed a wide range, which was also normal for nearshore coastal waters. SSS generally
did not show any effect on epipelic abundance as it was not among the critical parameters
determining the distribution of abundance of epipelic species [40].

pH is an important factor affecting the proliferation of aquatic organisms, and increas-
ing or decreasing pH may affect phytoplankton growth [41]. The pH values recorded in
these studies ranged from neutral to alkaline (mean = 8.07 & 0.21), which were within the
MMWQS [36]. The DO values were relatively high, with a mean value of 6.95 £ 0.74 mg/L,
similar to a previous study [42]. Variability in the DO levels near the coastline can be
attributed to different river outflows along the study area.

The value of TSS in this study can be categorized as under Class III of the MMWQS [36].
St.1 had higher TSS than the other stations, most likely owing to its proximity to the Sepang
River. Tidal fluctuations, wind directions, wind speeds, and river outflows were among the
major factors regulating the spatial and temporal variations of TSS [43,44]. Other coastal
features such as nearby mangroves and coastal vegetations, as well as the amount of OM
in coastal waters, may also affect the TSS. The highest OM was recorded at St.6 followed by
St.1, where St.6 was located in front of the mangroves, whereas St.1 was located close to the
estuary. Studies have shown that mangrove soils may supply significant amounts of OM
with high percentages of organic carbon to nearby coastal waters [45,46].

Nutrient concentrations significantly impact phytoplankton occurrence and abun-
dance as they draw in significant amounts of nutrients from the ecosystem [41,47]. How-
ever, the present study showed low variabilities in the concentration of nutrients such
as NO3;~, NO,, NH;~, PO,3~, and SiO, throughout the stations. Nevertheless, high
ammonium concentrations were recorded, as also reported by [48], indicating a high level
of pollution in the study area. Furthermore, Ref. [42] reported a high level of pollution
in the Port Dickson coasts, and these areas have even been suggested to be unhealthy for
human activities.

SiO, and Chl-a also significantly affected the abundance of epipelic diatom assem-
blages and diversity. The S5iO; concentrations were low at St.1, St.3, St.4, and St.6, but they
were relatively higher at St.2 and St.5. Conversely, Chl-a was relatively similar between
stations, ranging from 0.10 mg/L to 0.13 mg/L. Chlorophyll is an indicator of biomass
variability and phytoplankton growth, and its concentration may be greatly influenced by
nutrients [7,49].

4.2. Dynamics of Epipelic Diatoms

The abundance of epipelic diatom recorded throughout the stations was considered
as relatively low, which can probably be attributed to the different spatial variables, the
high level of pollution, and the poor sediment condition. This finding may have a strong
impact on diatoms growing on the sediment surface [50]. Each different group of nutrient
concentrations was characterized by a different benthic diatom composition. The relative
abundances of benthic diatom forms changed in response to minor inputs of nutrients [51].
The input of OM also caused the addition of suspended solids and the deoxygenation
of water. Nevertheless, pennate and centric diatoms were well presented in all stations.
The composition of centric diatoms was significantly lower, which was normal because
most of them were plankton that adapted to move upwards toward the sediment surface
under moderate light intensities and migrated deeper into the sediment in darkness and
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under very high light intensities [52]. Indeed, the higher ratio of pennate to centric forms
is common in the coastal benthic diatoms community and has been previously reported
elsewhere [53].

The abundance and diversity of epipelic diatoms showed different correlations with
various physicochemical factors. Increase in seawater temperature usually led to higher
metabolic activity, thereby increasing the benthic algal biomass [54,55]. Furthermore, OM
is important in controlling diatom communities and their nutritive values [26,56]. Previous
studies have indicated that variations in OM content play an important role in the diversity
of benthic diatom communities, where increasing diatom diversity normally coincides with
higher OM content in the sediment [57].

Silica was found to be negatively correlated with epipelic diversity, which may be
due to the intensive uptake by some group or species. Previous studies have shown that
the silica requirement of epipelic diatom negatively affects the silica balance in the marine
ecosystem [58]. Nitrogenous substances are important nutrients for primary productiv-
ity. However, Ref. [59] reported that diatoms prefer nitrate but do not respond well to
ammonium. Nevertheless, other studies have shown that ammonium is a more readily
assimilated source of nitrogen compounds in marine epipelic diatoms, and it is the most
important factor determining the sources of the epipelic community structure [40,60]. This
phenomenon may result in a shift in their community composition, which explains the
negative correlation of ammonia with the abundance of epipelic diatom.

Within the study area, C. placentula was one of the most abundant and extensively
distributed species. This finding agreed with other studies that also reported Cocconeis
sp. as the dominant benthic species associated with epiphytic or epipelic habitats [9,61].
Cocconeis spp. also contributed as the most abundant benthic microalgae (at 58%) in
sediments collected from Muka Head Jetty, Penang, Malaysia [20].

PCA demonstrated that the positive correlation for D. crabro, E. laevis, and Actinop-
tychus sp. in stations St.2, St.3, and St.4 can be attributed to the high concentrations of
NO,~, NHj3, and TDS at the respective stations. PCA also showed positive correlations of
C. placentula with NO3; ™~ and SiO; but negative correlations with PO4%~ and pH. Previous
studies have reported that nutrient concentration and pH play important roles in the mor-
phological structure and pore-hole size distribution of C. placentula [62,63]. The ratio of
silica composition was 30.71% in Coscinodiscus spp. [64], which may explain the negative
correlation between Coscinodiscus spp. and SiO, at St.6 (Figure 6).

5. Conclusions

High spatial variations in epipelic distribution were observed along the study sta-
tions. SST, TSS, TDS, NO, ~, NHj3, OM, and SiO,, were considered as the most influential
physicochemical variables on epipelic diatom diversity, abundance, and distribution in
the study area. Coconeis placentula, D. crabro, E. laevis, Actinoptychus sp., Amphora sp., and
Coscinodiscus sp. were the most abundant taxa in the study area. They showed strong
correlations with SST, TSS, 5i0,, OM, NH3, NO, ~, pH, Chl-a, and TDS. This study was the
first to describe the epipelic diatom diversity and distribution in Malaysian coastal waters,
which may serve as a baseline for more studies on epipelic diatom dynamics in the future.

Author Contributions: Conceptualization, A.A.S., SN.P.S. and Z.C.C.; methodology, A.A.S., SN.PS.
and Z.C.C,; investigation, A.A.S., SN.P.S., Z.C.C. and S.K.D.; writing—original draft preparation,
A.AS., SN.PS. and Z.C.C.; writing—review and editing, A.A.S., SIN.P.S., Z.C.C. and SK.D.; supervi-
sion, Z.C.C., S.N.PS. and S.K.D.; funding acquisition, Z.C.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by UKM research fund through GUP-2021-049 to Z.C.C.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Water 2022, 14, 3187 110f13

Acknowledgments: We sincerely thank Amir and Zuhaimi from the Marine Science Program, Uni-
versiti Kebangsaan Malaysia (UKM) for their dedicated efforts in sample collection and analysis. We
also thank the anonymous reviewers for their very useful comments.

Conflicts of Interest: The authors hereby declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ducklow, H.W.,; Steinberg, D.K.; Buesseler, K.O. Upper ocean carbon export and the Biological Pump. Oceanography 2001, 14,
50-58. [CrossRef]

Muller-Karger, FE.; Varela, R.; Thunell, R.; Luerssen, R.; Hu, C.; Walsh, J.J. The importance of continental margins in the global
carbon cycle. Geophys. Res. Lett. 2005, 32, 10-13. [CrossRef]

Kasai, A.; Horie, H.; Sakamoto, W. Selection of food sources by Ruditapes philippinarum and Mactra veneriformis (Bivalva: Mollusca)
determined from stable isotope analysis. Fish. Sci. 2004, 70, 11-20. [CrossRef]

Sanger, D.; Blair, A.; Didonato, G.T.; Washburn, S.; Jones, G.; Riekerk, E.; Wirth, J.; Stewart, D.; White, L.; Vandiver, A.F. Impacts of
coastal development on the ecology of tidal creek ecosystems of the US Southeast including consequences to humans. Estuaries
Coasts 2015, 38, 49-66. [CrossRef] [PubMed]

Vincent, F.; Bowler, C. Diatoms are selective segregators in global ocean planktonic communities. Msysterms 2020, 5, e00444-19.
[CrossRef] [PubMed]

Park, ].S.; Lee, KW.; Jung, S.W.; Lee, TK.; Joo, H.M. Winter distribution of diatom assemblages along the coastline of Korea in
2020. Acta Oceanol. Sin. 2022, 6, 1-10.

Kasim, M.; Mukai, H. Contribution of Benthic and Epiphytic Diatoms to Clam and Oyster Production in the Akkeshi-ko Estuary.
J. Oceanogr. 2006, 62, 267-281. [CrossRef]

Thornton, D.C.O.; Dong, L.E; Underwood, G.J.C.; Nedwell, D.B. Factors affecting microphytobenthic biomass, species composi-
tion and production in the Colne estuary (UK). Aquat. Microb. Ecol. 2002, 27, 285-300. [CrossRef]

Facca, C.; Sfriso, A. Epipelic diatom spatial and temporal distribution and relationship with the main environmental parameters
in coastal waters. Estuar. Coast. Shelf Sci. 2007, 75, 135-149. [CrossRef]

Cochero, J.; Licursi, M.; Gémez, N. Changes in the epipelic diatom assemblage in nutrient rich streams owing to the variations of
simultaneous stressors. Limnologica 2015, 51, 15-23. [CrossRef]

Méléder, V.; Rincé, Y.; Barillé, L.; Gaudin, P.; Rosa, P. Spatiotemporal changes in microphytobenthos assemblages in a macrotidal
flat (Bourgneuf Bay, France). J. Phycol. 2007, 43, 1177-1190. [CrossRef]

Ribeiro, L.; Brotas, V.; Rincé, Y.; Jesus, B. Structure and diversity of intertidal benthic diatom assemblages in contrasting shores: A
case study from the Tagus estuary. J. Phycol. 2013, 49, 258-270. [CrossRef]

Jabbari, M.; Salahi, M.; Ghorbani, R. Spatio-temporal influence of physicochemical parameters on phytoplankton assemblage in
coastal brackish lagoon: Gomishan Lagoon, Caspian Sea, Iran. Biodiversitas 2018, 19, 2020-2027. [CrossRef]

Vajravelu, M.; Martin, Y.; Ayyappan, S.; Mayakrishnan, M. Seasonal influence of physico-chemical parameters on phytoplankton
diversity, community structure and abundance at Parangipettai coastal waters, Bay of Bengal, south east coast of India. Oceanologia
2018, 60, 114-127. [CrossRef]

Zimba, P.V,; Hill, E.M.; Withers, K. Benthic microalgae serve as the major food resource for porcelain crabs (Petrolisthes spp.) in
oyster reefs: Digestive track content and pigment evidence. J. Exp. Mar. Biol. Ecol. 2016, 483, 53-58. [CrossRef]

McMinn, A.; Sellah, S.; Llah, W.A.W.; Mohammad, M.; Merican, EM.S.; Omar, WW.; Samad, F.; Cheah, W.; Idris, I.; Sim, YK ; et al.
Quantum yield of the marine benthic microflora of near-shore coastal Penang, Malaysia. Mar. Freshw. Res. 2005, 7, 1047-1053.
[CrossRef]

Nursuhayati, A.S.; Yusoff, EM.; Shariff, M. Spatial and temporal distribution of phytoplankton in Perak estuary, Malaysia, during
monsoon season. J. Fish. Aquat. Sci. 2013, 8, 480—-493. [CrossRef]

Salleh, A.; Wakid, S.A.; Bahnan, LS. Diversity of phytoplankton collected during the scientific expedition to Pulau Perak, Pulau
Jarak and the Sembilan Group of Islands. Malays. . Sci. 2008, 27, 33-45.

Ke, Z.; Tan, Y.; Huang, L. Spatial variation of phytoplankton community from Malacca Strait to southern South China Sea in May
of 2011. Acta Ecol. Sin. 2016, 36, 154-159. [CrossRef]

Siswanto, E.; Tanaka, K. Phytoplankton biomass dynamics in the Strait of Malacca within the period of the Sea WiFS full mission:
Seasonal cycles, interannual variations and decadal-scale trends. Remote Sens. 2012, 6, 2718-2742. [CrossRef]

Salleh, A.; Wakid, S.A.; Bahnan, I.S.; Rahman, K.A.A.; Nasrodin, S. Diversity of phytoplankton at Langkawi Island, Malaysia.
Malays. ]. Sci. 2005, 24, 43-55.

Salleh, A.; Ruslan, N.D. Phytoplankton composition and distribution in the Coastal Area of Bachok Kelantan. Malays. |. Sci. 2010,
29, 19-29.

Lim, H.C; Teng, S.T.; Leaw, C.P.; Wataki, M.; Lim, P. Phytoplankton assemblage of the Merambong Shoal, Tebrau Straits with
note on potentially harmful species. Malay Nat. |. 2014, 66, 198-221.

Joon, H.L.; Choon, W.L. Short-timescale Variation of Phytoplankton Abundance and Diversity at Redang Island. Malays. J. Sci.
2015, 34, 2-7. [CrossRef]


http://doi.org/10.5670/oceanog.2001.06
http://doi.org/10.1029/2004GL021346
http://doi.org/10.1111/j.1444-2906.2003.00764.x
http://doi.org/10.1007/s12237-013-9635-y
http://www.ncbi.nlm.nih.gov/pubmed/31354396
http://doi.org/10.1128/mSystems.00444-19
http://www.ncbi.nlm.nih.gov/pubmed/31964765
http://doi.org/10.1007/s10872-006-0051-9
http://doi.org/10.3354/ame027285
http://doi.org/10.1016/j.ecss.2007.03.033
http://doi.org/10.1016/j.limno.2014.10.004
http://doi.org/10.1111/j.1529-8817.2007.00423.x
http://doi.org/10.1111/jpy.12031
http://doi.org/10.13057/biodiv/d190606
http://doi.org/10.1016/j.oceano.2017.08.003
http://doi.org/10.1016/j.jembe.2016.06.005
http://doi.org/10.1071/MF05007
http://doi.org/10.3923/jfas.2013.480.493
http://doi.org/10.1016/j.chnaes.2016.03.003
http://doi.org/10.3390/rs6042718
http://doi.org/10.22452/mjs.vol34no1.1

Water 2022, 14, 3187 12 0f13

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lim, J.H.; Lee, C.W. Effects of eutrophication on diatom abundance, biovolume and diversity in tropical coastal waters. Environ.
Monit. Assess. 2017, 189, 1-10. [CrossRef]

Desianti, N.; Potapova, M.; Enache, M.; Belton, T.J.; Velinsk, D.J.; Thomas, R.; Mead, J. Sediment diatoms as environmental
indicators in New Jersey coastal lagoons. J. Coast. Res. 2017, 78, 127-140. [CrossRef]

Sha, L.; Jiang, H.; Knudsen, K.L. Diatom evidence of climatic change in Holsteinsborg Dyb, west of Greenland, during the last
1200 years. Holocene 2012, 22, 347-358. [CrossRef]

Benito, X.; Trobajo, R.; Ibafiez, C. Benthic diatoms in a Mediterranean delta: Ecological indicators and a conductivity transfer
function for paleoenvironmental studies. J. Paleolimnol. 2015, 2, 171-188. [CrossRef]

Kobayasi, H.; Idei, M.; Mayama, S.; Nagumo, T.; Osada, K.; Kobayasi’s, H. Atlas of Japanese Diatoms based on Electron Microscopy,
1st ed.; Uchida Rokakuho Publishing Co., Ltd.: Tokyo, Japan, 2006; p. 531.

Giffen, M.H. Contributions to the diatom flora of South Africa IV. Nova Hedwig. Beih. 1963, 31, 259-312. [CrossRef]

Sullivan, M.].; Daiber, F.C. Light, nitrogen, and phosphorus limitation of edaphic algae in a Delaware salt marsh. J. Exp. Mar. Biol.
Ecol. 1975, 18, 79-88. [CrossRef]

Washington, H.G. Diversity, biotic and similarity indices: A review with special relevance to aquatic ecosystems. Water Res. 1984,
18, 653-694. [CrossRef]

Margalef, R. Temporal succession and spatial heterogeneity in phytoplankton. In Perspectives in Marine Biology; Buzzati-Traverso,
A.A., Ed.; University of California Press: Oakland, CA, USA, 1958; pp. 323-349.

Lim, J.H.; Wong, Y.Y.; Lee, C.W,; Bong, C.W.; Kudo, I. Long-term comparison of dissolved nitrogen species in tropical estuarine
and coastal water systems. Estuar. Coast. Shelf Sci. 2019, 222, 103-111. [CrossRef]

Mantoura, R.EC.; Llewellyn, C.A. The rapid determination of algal chlorophyll and carotenoid pigments and their breakdown
products in natural waters by reverse-phase high-performance liquid chromatography. Anal. Chim. Acta 1983, 151, 297-314.
[CrossRef]

D.O.E. (Department of Environment Malaysia). Malaysian Marine Water Quality Standards Report 2017; DOE: Putrajaya, Malaysia,
2017; pp. 1-135.

Heiri, O.; Lotter, A.F; Lemcke, G. Loss on ignition as a method for estimating organic and carbonate content in sediments:
Reproducibility and comparability of results. J. Paleolimnol. 2000, 25, 101-110. [CrossRef]

Lee, C.W,; Bong, C.W. Bacterial abundance and production and their relation to primary production in tropical coastal waters of
Peninsular Malaysia. Mar. Freshw. Res. 2008, 59, 10-21. [CrossRef]

Yun, M.S; Lee, S.H.; Chung, LK. Photosynthetic activity of benthic diatoms in response to different temperatures. . Appl. Phycol.
2010, 22, 559-562. [CrossRef]

Dalu, T.; Richoux, N.B.; Froneman, P.W. Distribution of benthic diatom communities in a permanently open temperate estuary in
relation to physico-chemical variables. S. Afr. |. Bot. 2016, 107, 31-38. [CrossRef]

Bagazi, Z.A.; Baakdah, M.A.; Affan, M.A. Seasonal dynamics and diversity of phytoplankton in Sharm Yanbu Lagoon, Red Sea,
Saudi Arabia. J. King Abdulaziz Univ. Mar. Sci. 2018, 28, 9-26.

Hamzah, A,; Kipli, S.H.; Ismail, S.R.; Una, R.; Sarmani, S. Microbiological study in coastal water of Port Dickson, Malaysia. Sains
Malays. 2011, 40, 93-99.

Park, G.S. The role and distribution of total suspended solids in the macrotidal coastal waters of Korea. Environ. Monit. Assess.
2007, 135, 153-162. [CrossRef]

Liu, Q.; Liang, Y.; Cai, W.J.; Wang, K.; Wang, J.; Yin, K. Changing riverine organic C: N ratios along the Pearl River: Implications
for estuarine and coastal carbon cycles. Sci. Total Environ. 2020, 709, 136052. [CrossRef] [PubMed]

Chaikaew, P.; Chavanic, S. Spatial Variability and Relationship of Mangrove Soil Organic Matter to Organic Carbon. Appl. Environ.
Soil Sci. 2017, 20, 1-9. [CrossRef]

Donato, D.C.; Kauffman, J.B.; Murdiyarso, D.; Kurnianto, S.; Stidham, M.; Kanninen, M. Mangroves among the most carbon-rich
forests in the tropics. Nat. Geosci. 2011, 4, 293-297. [CrossRef]

Litchman, E. Resource Competition and The Ecological Success of Phytoplankton. In Evolution of Primary Producers in the Sea,
1st ed.; Falkowski, P.G., Knoll, A.H., Eds.; Elsevier Science Publishing Co. Inc.: San Diego, CA, USA, 2007; pp. 351-375.
Praveena, S.M.; Aris, A.Z. A baseline study of tropical coastal water quality in Port Dickson, Strait of Malacca, Malaysia. Mar.
Pollut. Bull. 2013, 67, 196-199. [CrossRef] [PubMed]

Shaari, F.; Mustapha, M.A. Factors influencing the distribution of Chl-a along coastal waters of east Peninsular Malaysia. Sains
Malays. 2017, 46, 1191-1200. [CrossRef]

Leleyter, L.; Baraud, F,; Gil, O.; Gouali, S.; Lemoine, M.; Orvain, F. Aluminium Impact on The Growth of Benthic Diatom. In
Marine Sediments: Formation, Distribution and Environmental Impacts, 1st ed.; Williams, W., Ed.; Novinka: New York, NY, USA, 2016;
pp- 1-19.

Agatz, M.; Asmus, R.M.; Deventer, B. Structural changes in the benthic diatom community along a eutrophication gradient on a
tidal flat. Helgol. Mar. Res. 1999, 53, 92-101. [CrossRef]

Bilcke, G.; Van Craenenbroeck, L.; Castagna, A.; Osuna-Cruz, C.M.; Vandepoele, K.; Sabbe, K.; DeVeylder, L.; Vyverman, W. Light
intensity and spectral composition drive reproductive success in the marine benthic diatom Seminavis robusta. Sci. Rep. 2021,
1, 17560.


http://doi.org/10.1007/s10661-017-6147-4
http://doi.org/10.2112/SI78-011.1
http://doi.org/10.1177/0959683611423684
http://doi.org/10.1007/s10933-015-9845-3
http://doi.org/10.1127/nova.beihefte/31/1970/259
http://doi.org/10.1016/0022-0981(75)90018-0
http://doi.org/10.1016/0043-1354(84)90164-7
http://doi.org/10.1016/j.ecss.2019.04.008
http://doi.org/10.1016/S0003-2670(00)80092-6
http://doi.org/10.1023/A:1008119611481
http://doi.org/10.1071/MF07099
http://doi.org/10.1007/s10811-009-9493-y
http://doi.org/10.1016/j.sajb.2015.06.004
http://doi.org/10.1007/s10661-007-9640-3
http://doi.org/10.1016/j.scitotenv.2019.136052
http://www.ncbi.nlm.nih.gov/pubmed/31884266
http://doi.org/10.1155/2017/4010381
http://doi.org/10.1038/ngeo1123
http://doi.org/10.1016/j.marpolbul.2012.11.037
http://www.ncbi.nlm.nih.gov/pubmed/23260650
http://doi.org/10.17576/jsm-2017-4608-04
http://doi.org/10.1007/PL00012144

Water 2022, 14, 3187 13 0f 13

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Balasubramaniam, J.; Prasath, D.; Jayaraj, K.A. Microphytobenthic biomass, species composition and environmental gradients in
the mangrove intertidal region of the Andaman Archipelago, India. Environ. Monit. Assess. 2017, 189, 1-9. [CrossRef]

Dodds, W.K.; Smith, V.H.; Lohman, K. Nitrogen and phosphorus relationships to benthic algal biomass in temperate streams.
Can. J. Fish Aquat. Sci. 2002, 59, 865-874. [CrossRef]

Cartaxana, P; Vieira, S.; Ribeiro, L.; Rocha, R.J.; Cruz, S.; Calado, R.; da Silva, ].M. Effects of elevated temperature and CO; on
intertidal microphytobenthos. BMC Ecol. 2015, 15, 1-10. [CrossRef]

Admiraal, W.; Peletier, H. Influence of organic compounds and light limitation on the growth rate of estuarine benthic diatoms.
Brit. Phycol. ]. 1979, 14, 197-206. [CrossRef]

Virta, L.; Gammal, J.; Jarnstrom, M.; Bernard, G.; Soininen, J.; Norkko, J.; Norkko, A. The diversity of benthic diatoms affects
ecosystem productivity in heterogeneous coastal environments. Ecology 2019, 100, 1-11. [CrossRef]

Jézéquel, V.M.; Hildebrand, M.; Brzezinski, M.A. Silicon metabolism in diatoms: Implications for growth. J. Phycol. 2000, 36,
821-840. [CrossRef]

Domingues, R.B.; Barbosa, A.B.; Sommer, U.; Galvao, HM. Ammonium, nitrate and phytoplankton interactions in a freshwater
tidal estuarine zone: Potential effects of cultural eutrophication. Aquat. Sci. 2011, 73, 331-343. [CrossRef]

Underwood, G.; Phillips, ].; Saunders, K. Distribution of estuarine benthic diatom species along salinity and nutrient gradients.
Eur. ] Phycol. 1998, 33, 173-183. [CrossRef]

Round, FE.; Round, RM.; Mann, D.G. The Diatoms, Biology and Morphology of the Genera, 1st ed.; Cambridge University Press:
New York, NY, USA, 1990; pp. 1-744.

Vrieling, E.G.; Poort, L.; Beelen, T.P; Giesked, W.W. Growth and silica content of the diatoms Thalassiosira weissflogii and Navicula
salinarum at different salinities and enrichments with aluminium. Eur. J. Phycol. 1999, 34, 307-316. [CrossRef]

Leterme, S.C.; Prime, E.; Mitchell, J.; Brown, M.H; Ellis, A.V. Diatom adaptability to environmental change: A case study of two
Cocconeis species from high-salinity areas. Diatorm Res. 2013, 28, 29-35. [CrossRef]

Gnanamoorthy, P.; Karthikeyan, V.; Prabu, V.A. Field emission scanning electron microscopy (FESEM) characterisation of the
porous silica nanoparticulate structure of marine diatoms. J. Porous Mat. 2014, 21, 225-233. [CrossRef]


http://doi.org/10.1007/s10661-017-5936-0
http://doi.org/10.1139/f02-063
http://doi.org/10.1186/s12898-015-0043-y
http://doi.org/10.1080/00071617900650211
http://doi.org/10.1002/ecy.2765
http://doi.org/10.1046/j.1529-8817.2000.00019.x
http://doi.org/10.1007/s00027-011-0180-0
http://doi.org/10.1080/09670269810001736673
http://doi.org/10.1080/09670269910001736362
http://doi.org/10.1080/0269249X.2012.734530
http://doi.org/10.1007/s10934-013-9767-2

	Introduction 
	Materials and Methods 
	Study Area 
	Epipelic Diatom Extraction and Counting 
	Environmental Parameters 
	Data Analysis 

	Results 
	Environmental Conditions 
	Dynamics of Epipelic Diatoms 

	Discussion 
	Environmental Conditions 
	Dynamics of Epipelic Diatoms 

	Conclusions 
	References

