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1. Introduction

Environmental changes affect marine ecosystems
around the world at an alarming rate. It is necessary
to understand the consequences of these changes
for different aspects of marine ecosystems (Halpern
et al. 2008; Brierley & Kingsford 2009). The Red Sea is
affected by natural and anthropogenic changes and
is undergoing large-scale modifications, mainly along
the coastal habitats (Pefa-Garcia et al. 2014). The
coastal water conditions of the central Red Sea are
changing from previously oligotrophic to mesotrophic
and partially eutrophic (El-Sayed 2002; Mudarris &
Turki 2006; Al-Farawati 2010; Pefia-Garcia et al. 2014). In
general, the lack of rainfall and riverine inputs affects
the supply of nutrients to the Red Sea (Edwards 1987),
but increasing urbanization and industrialization
compensate for this shortage at least in the
coastal habitats of major metropolises, like Jeddah
(Pena-Garcia et al. 2014). Phytoplankton are the basis of
the aquatic food web and therefore a detailed analysis
of their ecology and population dynamics is crucial
for elucidating vital information regarding ecosystem
health, especially with increasing human interference
in the ecosystem. Changes in environmental factors
of the coastal waters of the central Red Sea exert a
conspicuous influence on primary producers which
often respond to these changes through either an
increase or decrease in their population size (Al-Harbi
& Affan 2016; Devassy et al. 2017; Al-Aidaroos et al.
2019; Al-Amri et al. 2020). Continuous monitoring
of the coastal waters is therefore essential as it can
provide further insights into changes associated with
predicted environmental changes globally (Bastos et
al. 2016).

There are limited studies related to the composition
of microphytoplankton communities on the Saudi
coast of the Red Sea and some of them focused only
on a single station in Jeddah coastal waters (Dowidar
1983; Sheikh et al. 1986). In addition, phytoplankton
communities in Obhur Creek were investigated for five
months by Dowidar et al. (1978), whereas Touliabah
et al. (2010) provided information on the seasonal
variation of microphytoplankton communities in
different lagoons located on the Jeddah coast.
Recent research on the latitudinal distribution of
microphytoplankton in coastal waters (Kirten et al.
2015), in the northern Red Sea (Devassy et al. 2017) and
the central Red Sea (Al-Amri et al. 2020) has succeeded
in adding relevant information on the phytoplankton
community from this less explored ocean region.

The present study was carried out in Obhur Creek
on the Saudi coast of the central Red Sea. The area is a
tourist hotspot that is visited by a considerable number
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of tourists every year. It provides mooring services for
vessels and offers recreational activities. The creek is
described as a 9.2 km long natural cut in the coralline
limestone of the Tihama coastal plain, which opens
at the southwestern end of the Red Sea through
a narrow, 264 m wide outlet (Basaham & El-Sayed
2006). It has a depth of about 50 m at the mouth,
which gradually decreases toward its northeastern
extremity to become less than 6 m deep at the end
part (Basaham & El-Shater 1994). Due to the extensive
renovation processes in terms of building resorts
occurring along the banks of the creek, it is estimated
that the water body has already lost 788 729 m? of its
total area (Basaham & El-Sayed 2006).

This study is the first to show monthly changes in
the structure of phytoplankton communities and their
interactions with other environmental factors within
the creek as well as in the Saudi coastal waters of the
Red Sea. It also gives a brief account of harmful diatom
and dinoflagellate species in this region.

2. Materials and methods

2.1. Sampling sites

In this study, three sites were selected for monthly
sampling within the creek. Site 1 (reference site) was
2 km away from the creek mouth toward the open
waters and is expected to be away from any source
of anthropogenic impact. It has an average depth
of about 200 m and shows typical characteristics of
the Red Sea coastal waters. Site 2 was located in the
middle zone of the creek and receives discharges
from an aquaculture facility. Site 3 was located at the
northeastern end of the creek, exposed to human
disturbance, and was characterized by shallow waters
and weak water exchange (Fig. 1).

2.2. Sampling and analysis

Monthly phytoplankton and surface seawater
samples were collected from January through
December (2017). The sampling was carried out
during daytime using a mechanized boat. Salinity
and temperature were measured in situ using a water
quality probe (Horiba U50). A Niskin sampler (Hydrobios
-5 1) was used to collect 10 | of seawater from a depth
of 0.5 m in order to measure inorganic nutrients and
phytoplankton biomass (chlorophyll a). To determine
chlorophyll a, 3-5 | of seawater was filtered through
a Whatman GF/F filter paper (0.7 pum, 47 mm) and kept
at —80°C until further analysis. To estimate inorganic
nutrient concentrations, 500 ml of seawater was filtered
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Location of the study sites

through a Whatman Nucleopore membrane filter
(0.2 pm). The analysis of both chlorophyll a and
inorganic  nutrients  (nitrate, nitrite, ammonia,
phosphate and silicate) was carried out according
to the protocols by Parsons et al. (1984) using a UV
spectrophotometer (Shimadzu UV 1700).

A phytoplankton net (Hydrobios) with a mesh size
of 20 um was used for sampling. The net was fitted
with a flowmeter to calculate the volume of filtered
water (VWF) based on this equation:

VWF =nr’x d

where “r" is the radius of the net and “d” is the
haul distance, which is obtained as the difference
between initial and final flowmeter readings. The
net was towed horizontally for 6-10 min at a boat
speed of ~1 knot. The collected samples were then
immediately fixed with Lugol’s iodine solution and
a few drops of concentrated formaldehyde solution
(Kurten et al. 2015). Prior to analysis, samples were
screened through a 500 ym net to remove large
particles of both biological and non-biological origin.
A Sedgewick Rafter Counting Cell (1 ml/1 pl) was used

to assess phytoplankton abundance under an inverted
microscope (Leica DMI 3000B). The protocols provided
by LeGresley & McDermott (2010) were followed for
systematic analysis of phytoplankton abundance and a
triplicate counting procedure was performed on each
phytoplankton sample to increase the accuracy of the
analysis. The counting method detailed in Devassy et
al. (2019) was employed to determine the number of
squares in Sedgewick-Rafter chamber. Phytoplankton
species were taxonomically classified with the help
of identification catalogues (Taylor 1976; Tomas 1997;
Hallegraeff 2003; Gomez 2013) and then validated with
the help of WoRMS (World Register of Marine Species;
www.marinespecies.org) and named according to the
latest taxonomical nomenclature.

2.3. Statistical analysis

Relationships between physicochemical variables
and phytoplankton biomass and abundance were
determined using Pearson’s correlation coefficient
r (SPSS V23). One-way analysis of variance (ANOVA)
was performed to determine spatial and temporal
variations of different parameters using SPSS V23.
Species richness, Shannon-Wiener index (H’) and
evenness (J) as well as the Bray-Curtis Similarity
Index were computed using PRIMER 6 (Clarke & Gorley
2006). Prior to analysis, the data were square root
transformed due to the apparent deviation from the
normal distribution.

3. Results

3.1. Temperature and salinity

Spatial variation in temperature distribution was
less pronounced, while significant temporal variation
(p < 0.01) in salinity was observed during the study.
Maximum temperature (32.2°C) and salinity (40.18)
were recorded at site 3 in September, while the
minimum values (24.5°C and 38.85) were recorded
in March at sites 1 and 3, respectively (Fig. 2). Salinity
values at site 1 were almost similar throughout the
year, ranging between 38.85 and 39.52 in March and
August, respectively (Fig. 2). Site 3 differed slightly
and showed higher values (average: 39.53 + 0.40)
compared to the two other sites.

3.2.Inorganic nutrients
Nitrate concentrations (NO,”) ranged between

a minimum of 0.03 pmol I at site 2 in June and a
maximum of 4.50 umol I at site 3 in August with
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Figure 2

Monthly variations in: A) average temperature and B)
salinity at different studied sites

an overall average of 0.73 £ 0.76 umol I7. Although
only slight variations in nitrate concentration were
observed at sites 1 and 2 (mean values: 0.52 + 0.60
and 0.34 £ 0.23 umol I, respectively), site 3 showed
higher nitrate concentration (average: 1.32 = 1.41
pumol I7; Fig. 3a). Higher nitrate values were observed
at site 3 between August and November (Fig. 3a),
with a maximum of 4.50 umol I7' in August. Nitrite
(NO,") values ranged from 0.01 to 0.22 pmol I at
site 1 (August) and site 3 (September), respectively
(Fig. 3b). On the other hand, ammonia (NH,*) showed
significant variations among the sites. Higher

ammonia concentration was observed at site 3
(average: 148 £ 1.31 ymol I7) followed by sites 2 and
1 (mean values: 1.04 £ 0.99 umol I""and 0.36 + 0.21
pmol |7, respectively). Similar to nitrate, ammonia
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values also showed an increasing trend toward the
second half of the year in the study region (Fig. 3c).
Phosphate (PO,") ranged between 0.01 and 0.33
pmol 7" with an average of 0.08 + 0.08 umol |I7" and
no spatial variation was detected. Higher phosphate
concentrations were observed between February and
April with a maximum average value of 0.25 + 0.07
pmol I in March (Fig. 3d). Silicate concentration
varied significantly among the sites, with relatively
higher values at site 3 (average: 2.38 + 0.38 umol |)
compared to the other sites (Fig. 3e).

3.3. Chlorophyll a

Chlorophyll a concentration was generally low
throughout the study region (average: 0.35 + 0.32
mg m~3) with a pattern similar to the distribution of
nutrients, except a few cases (Fig. 3f). Chlorophyll a
concentrations were relatively similar at sites 1 and
2 (mean values: 0.39 + 0.48 and 0.40 + 0.27 mg m~,
respectively), though site 3 recorded the lowest mean
value (0.26 = 0.22 mg m=). The highest chlorophyll
concentration (1.85 mg m=3) was determined at site
1 in May, while the lowest value (0.015 mg m=) was
recorded at site 3 in May. Chlorophyll values ranged
between 0.05 and 1.85 mg m= at site 1 in April and
May, respectively, between 0.05 and 1.04 mg m= at
site 2 in January and May, respectively, and between
0.015 and 0.85 mg m~3 at site 3 in May and December,
respectively (Fig. 3f).

3.4. Phytoplankton community composition

Diatoms were by far the most abundant group in
the phytoplankton communities, accounting for 14.1
to 97% of the total phytoplankton throughout the
year (mean: 75%). Dinoflagellates and cyanophytes,
accounting for 20% (2.6-85.7%) and 5% (0.1-45.1%)
of the total phytoplankton, ranked second and
third in the abundance, respectively. Phytoplankton
community composition was characterized by high
diversity during the study period, with a total of
220 species (Supplementary material 1). Of the 220
phytoplankton species, 117 belonged to diatoms (76
Centrales and 41 Pennales), 99 to dinoflagellates and
four species to cyanophytes. The maximum number
of species (174) was found at site 2, which was followed
by site 1 (170) and site 3 (128). Sites 1 and 2 were
characterized by approximately similar diversity, with
84 diatoms and 81 dinoflagellates at the former (site
1) and 94 diatoms and 76 dinoflagellates at the latter
(site 2) observed throughout the study period. Site
3 was less diverse than the two other sites, with 62
diatom and 64 dinoflagellate species (Supplementary
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Figure 3
Chemical and biological parameters obtained from different sites during the study period: A) nitrate, B) nitrite, C)

ammonia, D) phosphate, E) silicate and F) chlorophyll a




material 1). Four Cyanophyta species were recorded
at site 2 and only two species were found at sites
1 and 3, with the dominance of Trichodesmium sp.,
which accounted for 89.9% of the total cyanophytes.
Centric diatoms were more dominant than
pennates throughout the study period. Of the total
phytoplankton species (220) observed, 21 diatoms
and four dinoflagellate species are new records for
the Red Sea. In addition, two diatoms (including
Pseudo-nitzschia cf. delicatissima) and 14 dinoflagellates
were listed on the IOC-UNESCO taxonomic reference
list (Supplementary material 1) as potentially harmful
species worldwide.

Rhizosolenia and Chaetoceros were the most
diverse diatom genera in the current study (16 and
15 species, respectively). Other important diatom
genera that contributed significantly to the diversity
were:  Pleurosigma  (four  species), Ceratauling,
Guinardia, Navicula and Nitzchia (three species each;
Supplementary material 1). Among dinoflagellates,
the orders Gonyaulacales and Peridiniales were
represented by the maximum number of genera (six
genera), followed by Dinophysiales (three genera)
and Gymnodiniales (two genera). The genus Tripos
(synonym Ceratium) of dinoflagellates was observed
with a maximum number of species (27 species), and
was followed by Protoperidinium (18 species) and
Dinophysis (nine species). At site 3, heterotrophic
dinoflagellate species (33 species) dominated over the
autotrophic ones and, for most of the study period,
over diatoms. The most common dinoflagellate
species occurring throughout the study period were:
Dinophysis caudata, D. tripos, Protoperidinium conicum,
P. divergens, P. steinii, Tripos furca, T. fusus, T. horridus,
T. lineatus and T. teres (Supplementary material 1). On
the other hand, the cyanophyte Trichodesmium sp. was
recorded in relatively large numbers at sites 1 and 2 in
June and July, and at site 3 in July.

3.5. Phytoplankton abundance

The  abundance  of  phytoplankton in
the study area varied between  7.95x10°
and 3063.27 x 10° individuals m=, with an
overall average of 238.59 x 10° + 540.38 x 10°
individuals m=. The highest average abundance
of total phytoplankton was recorded at sites
1 and 2, with 295.72 x 10° + 868.36 x 10° and
23144 x 10° =+ 30698 x 10° individuals m=,
respectively. On the other hand, the lowest
average abundance was recorded at site 3

(139.81 x 10° = 25443 x 10°® individuals m™).
Regarding the monthly variation, a sharp peak
in abundance was observed in May (average:
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1389.63 x 10® £ 1543.12 x 10° individuals m™)
due to the high density of Pseudo-nitzschia cf.
delicatissima at sites 1 and 2 (29855 x 10° and
969.04 x 10° individuals m=, accounting for 97.5%
and 89.5% of the total phytoplankton at these sites
in May, respectively). Moreover, small increases
were detected in July, October and December with
average density of 256.62 x 10° 26745 x 10°® and
356.26 x 10° individuals m=, respectively. The total
monthly phytoplankton abundance at site 1 varied
between 7.95 x 10® individuals m= in September and
3063.27 x 10% individuals m= in May (Fig. 4a). At site
2, the abundance fluctuated between 14.48 x 103
and 1082.34 x 10* individuals m= in January and May,
respectively (Fig. 4c). The abundance at site 3 ranged
between 23.26 x 10® individuals m= in May and 929.34
% 10% individuals m= in December (Fig. 4e).

With an average abundance of 280.20 x 103+ 861.17
individuals m= and a percentage contribution
ranging from 21.05% in June to 98.36% in May,
diatoms significantly dominated in the total
phytoplankton abundance at site 1 for most
of the study period. Dinoflagellates (average
abundance: 24.27 x 10® £ 29.52 individuals m™),
on the other hand, significantly dominated in the
phytoplankton community at this site in August
(64.91%) and September (52.50%). Cyanophytes
(average abundance: 15.59 x 10° £ 43.17 individuals
m~) dominated only in June and July, accounting
for 60.15% and 46.55%, respectively. On the other
hand, their contribution to the total abundance in
the other months was almost negligible (Fig. 4b). Site
2 also showed a similar pattern of phytoplankton
distribution as site 1, with diatoms (average
abundance: 174.25 x 10°® £ 290.93 individuals m=)
being the most abundant group for most of the
study period, except summer (July-September) when
dinoflagellates (average abundance: 55.53 x 10+ 52.45
individuals m~) dominated in the total phytoplankton
abundance. Diatoms contributed 9.24% and 94.21%
to the total abundance in July and May, respectively,
while dinoflagellates contributed between 4.68%
and 60.78% to the total abundance in May and
September, respectively. Despite the presence of
cyanophytes (average abundance: 17.02 x 10° + 47.8
individuals m=3) in summer (June-July), they were
not the most abundant phytoplankton group (30.30
and 42.44%) in these particular months and showed
negligible presence in the other ones (Fig. 4d). Site
3 differed from the two other sites in terms of the
distribution of various phytoplankton groups and it
was dominated by dinoflagellates (average abundance:
63.44 x 10°® + 69.67 individuals m=) for most of the
study period, with a contribution ranging from
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14% (June) to 92.08% (January). Diatoms (average
abundance: 8240 x 10° + 204.97 individuals m™)
dominated in May-June and November-December
and contributed from about 7.92% (January) to
86% (June) to the total phytoplankton abundance.
Cyanophytes (average abundance: 3.07 x 10° + 8.52
individuals m=) dominated at this site (site 3) in July
(56.25%) and were scarce in the other months (Fig. 4f).

3.6. Statistical analysis

Values of Pearson’s coefficient of correlation
r) between individual parameters obtained in the
study period showed a significant correlation for the
total phytoplankton abundance with chlorophyll
concentration (p < 0.01) as well as with silicate
concentration (p < 0.05; Table 1). Physical parameters
and nutrient salts showed a non-significant correlation
with  phytoplankton biomass and abundance.
One-way analysis of variance (ANOVA) of salinity,
nitrite, ammonia and silicate showed significant spatial
variation, while temperature, salinity and phosphate
showed significant temporal variation (Table 2). The
dendrogram based on the Bray-Curtis similarity
index of mean phytoplankton abundance showed a
relatively high similarity between the sampling sites
> 60%). The similarity matrix of monthly
phytoplankton abundance at each site also showed a
roughly similar distribution pattern between the sites
Fig. 5). The dendrogram of site 1 (Fig. 5a) showed
almost 78% similarity between the months except May,
which was clearly separated from the others (35%).

—

—

—
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At site 2, the dendrogram indicated 63% similarity
between the months (Fig. 5b). At site 3, on the other
hand, all months showed 74% similarity except
December (54%; Fig. 5c). Biodiversity indices clearly
showed differences in the number of species. The
lowest number of species was always recorded at site 3
(average: 28 + 10), while sites 1 and 2 contained larger
numbers (mean values: 44 + 11 and 46 + 17 at sites 1
and 2, respectively; Table 3). The Shannon-Wiener
diversity index (H’) further confirmed differences in
the diversity between the sites by providing relatively
higher indices for site 1 (average: 3.75 = 0.25) and 2
(average: 3.77 £ 0.35) compared to site 3 (average:
3.3 + 0.32; Table 3). Relatively similar Pielou’s
evenness index (J') revealed a uniform distribution of
phytoplankton species at the study sites, with values
ranging in a narrow range between 0.977 and 1.000
(Table 3).

4. Discussion

This study focuses on spatial and temporal
changes in microphytoplankton biomass, community
structure and abundance in relation to changing
physical and chemical parameters. Increasing
urbanization and the resulting anthropogenic
impact induce certain changes in the relationships
between biotic and abiotic factors of such a coastal
ecosystem. The surface temperature values obtained
during the study period are consistent with previous
observations (Pefa-Garcia et al. 2014; Alsaafani et

Table 1

Values of Pearson’s correlation coefficient (r) obtained for different environmental parameters observed during the

study period (S - salinity, T — temperature, NO,™ — nitrate, NO,™ - nitrite, NH,* -

ammonia, PO,* - phosphate, SiO,* -

silicate, Chl a - chlorophyll a and TPD - total phytoplankton abundance)

Parameters

I T 7 T R T

.676** 1
NO,~ .666** .396* 1
NO, .569%* 0.232 .831%*
NH,* .585%* .528** .341* .338* 1
_ -.605** -.661** -.378* -0.185 -.526** 1
_ 0.188 -0.227 0.186 0.311 0.111 0.232 1
_ -0.036 -0.083 =015 -0.163 0.053 =055 0.273 1
TPD -0.069 -0.163 -0.138 -0.124 -0.073 0.052 .396* .929%* 1

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

Journal owner: Faculty of Oceanography and Geography, University of Gdarnsk, Poland



Table 2
One-Way ANOVA obtained for different environmental
parameters observed during the study period

F
Temperature 0.011 0.999 728.13 0.001
Salinity 4552 0.018 4.336 0.001
Nitrate 3.214 0.053 1.155 0.366
Nitrite 4531 0.018 0.68 0.743
Ammonia 4.205 0.024 1.591 0.165
Phosphate 0.063 0.939 10.413 0.000
Silicate 18.508 0.000 0.573 0.831
Chlorophyll a 0.585 0.563 1.91 0.090
Total phytoplankton density 0.291 0.75 1.853 0.1
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Dendrogram based on the Bray—Curtis similarity index
revealing the pattern of phytoplankton abundance and
distribution during the study period at three sites: A)
site 1, B) site 2 and C) site 3
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al. 2017). The area showed slight spatial variability
in salinity, with the end part of the creek showing
relatively higher values than the two other sites. This
could be due to the good mixing of water at the
entrance of the creek with water from the main Red
Sea basin, eventually reaching the middle section
and thus maintaining uniform salinity (Alsaafani et
al. 2017). On the other hand, the decreasing depth
from the entrance (50 m) toward the end part
(6 m; Basaham & El-Sayed 2006) may also hinder the
mixed-water column from reaching the end of the
creek. The shallowness of the creek can also increase
the evaporation rate in this hot and arid area, which
may also eventually lead to higher surface salinity.
The distribution pattern of inorganic nutrients
in the study area was similar to other coastal
waters of the Red Sea (Pena-Garcia et al. 2014;
Qurban et al. 2014; Kurten et al. 2015; Wafar et al.
2016; Devassy et al. 2017; Al-Amri et al. 2020), with
a few exceptions. Comparatively higher nutrient
concentrations were observed at site 3 due to the
lack of proper mixing, restricted water exchange
and shallowness. Moreover, this site receives
nutrient inputs mainly through wastewater from
resorts and restaurants. A similar pattern of nutrient
distribution from the creek was observed in April

Table 3
phytoplankton

Biodiversity indices obtained for
distribution at three sites, where S is the total number
of species, J' is Pielou’s evenness index and H’ is the
Shannon-Wiener diversity index

4.07 72 0998 4.27 32 0.998 3.46
e -
R -

336 79 0.999 437 23 0.999 3.13
3.55 40 0.999 3.69 32 0.999 3.46
0.999 3.66 38 0.999 3.64 19 0.999 2.94
0.998 4.14 31 0.998 3.43 20 0.998 2.99
0.998 3.78 30 0.996 3.39 30 0.998 3.39
0.998 3.96 57 0.998 4.04 27 0.998 3.29

1.000 3.78 33 0.999 3.49 26 1.000 3.26

33 0999 349 36 1.000 3.58 17 0.999 2.83
43 0997 3.75 50 0.999 3.91 38 0.999 3.64
54 0998 398 61 0999 4.11 55 0.999 4.00
32 1.000 3.46 29 0999 336 24 0.997 3.17
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and October by Pefa-Garcia et al. (2014). Apart from
site 3, nitrogen derivatives were relatively high at
site 2 toward the second half of the year (June-
December). This may be attributed to the discharge
from the aquaculture facility, which operates
at its maximum between June and December.
A similar trend of increasing nutrient concentrations
after summer was observed in previous studies in the
coastal waters of Jeddah (El-Sayed 2002; Al-Farawati
2010; Pefa-Garcia et al. 2014).

Chlorophyll a clearly followed the pattern of
nutrient distribution. A clear peak was observed
in May along with some slight increases in July,
October and December. These random peaks are
common on the Red Sea coasts and occur mainly
during the summer season (Acker et al. 2008; Racault
et al. 2015; Devassy et al. 2017; Li et al. 2017). Apart
from the peaks, the values were low, reflecting
the oligotrophic nature of the Red Sea as stated in
other studies (Qurban et al. 2014; Kirten et al. 2015;
2016). The observed peak was mainly due to the
proliferation of the pennate diatom (Pseudo-nitzschia
cf. delicatissima). The availability of surplus nutrients
along with favorable water temperature may result
in potential outbreaks of this species. Compared
to the two other sites, site 3 was characterized by
lower chlorophyll values throughout the study
period despite having sufficient nutrients. The lower
depths, which in turn makes the water column
continuously turbid, create unfavorable conditions for
phytoplankton growth.

Phytoplankton abundance showed spatial and
temporal differences in the study area, with higher
density at sites 1 and 2 compared to site 3. This could
be attributed to the greater preponderance of the
pennate diatom (Pseudo-nitzschia cf. delicatissima)
in May. The dominance of particular phytoplankton
species, especially diatoms, is a rare phenomenon
in the Saudi Arabian coastal waters of the Red Sea.
However, it has been previously reported from the
coastal waters of the northern Red Sea (Madkour
et al. 2010; Devassy et al. 2017). In general, diatoms
dominated in the phytoplankton community at
sites 1 and 2 (88% and 71%, respectively), whereas
the contribution of dinoflagellates at site 3
increased, accounting for approximately half of the
community (53%). The isolation and shallowness
of site 3, as well as water circulation may inhibit
phytoplankton exchange with the two other sites.
The presence of various microzooplankton species
(personal observation) along with larger numbers
of heterotrophic dinoflagellates at site 3 (33 species)
clearly indicate the possible presence of a ‘microbial
loop’ in the trophic structure. The minimal water
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exchange and the prolonged availability of high
organic content in the water, possibly in terms of of
bacterial origin, may have favored the growth of
microzooplankton and heterotrophic dinoflagellates
(Hansen 1991).

The number of phytoplankton species (220)
recorded in the current study is comparable to that
observed by Kirten et al. (2015) and Devassy et al.
(2017) in the Saudi Arabian coastal waters of the Red
Sea. However, it was much higher than in the coastal
waters of Jeddah where 73 species were identified
(Touliabah et al. 2010). Of the 533 phytoplankton
species known from the entire Red Sea (Ismael
2015; Devassy et al. 2017; Abbas et al. 2018), only
220 species were observed in the present survey.
This relatively small number of species may be due
to the small area sampled. The slight dominance of
diatoms over dinoflagellates may be due to favorable
conditions in the region. The presence of the native
phytoplankton genera (Rhizosolenia, Chaetoceros,
Tripos and Protoperidinium) with varying numbers
of species is consistent with previous observations
(Dowidar et al. 1978; Kirten et al. 2015; Devassy et al.
2017; Al-Amri et al. 2020). In addition, the occurrence
of native Trichodesmium sp. cyanophytes, especially
in summer, suggests specific growth patterns of this
genus in the Red Sea. The outbreak of Trichodesmium
spp. during summer is a regular phenomenon in the
Red Sea (Madkour et al. 2010; Kiirten et al. 2015).

The Saudi Arabian coastal waters of the Red Sea
are least known for the occurrence of potentially
harmful species, mainly because of its oligotrophic
nature. Recently, the situation in this particular
ecosystem has been changing and the occurrence of
potentially harmful bloom-causing phytoplankton,
mainly  dinoflagellates, is steadily increasing
(Mohamed & Al-Shehri 2011; 2012; Kiirten et al. 2015;
Banguera-Hinestroza et al. 2016; Devassy et al. 2017;
Al-Aidaroos et al. 2019). To date, none of the harmful
species have caused an outbreak in the region, but
there are still chances for possible future outbreaks,
which could cause potential damage to the marine
ecosystem by changing the environment. An example
of these changes is the occurrence of the potentially
harmful diatom species, Pseudo-nitzschia cf.
delicatissima, in large numbers. Recently, Al-Aidaroos
et al. (2019) studied the dominance of the same
species in the coastal waters of Jeddah and explicitly
listed it as a potentially harmful algal species from
this environment in the near future. Furthermore,
the occurrence of other 14 potentially harmful
dinoflagellate species increases the likelihood of
hazardous blooms in this area in the future.
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5. Conclusion

The present study identifies a shifting pattern
in the prevailing oligotrophic conditions of the Red
Sea coastal waters. The major outcome of this study
was the documentation of different phytoplankton
species from the region, of which 21 diatom and
four dinoflagellate species were considered as
new records for the Red Sea. Another ecologically
important aspect noted was the peculiar growth of the
potentially harmful diatom species Pseudo-nitzschia
cf. delicatissima. The higher density of this species
observed in May was mainly due to the anthropogenic
impact exerted on the system over a continuous
period of time. Activities that alter the health status of
the creek should be controlled and proper monitoring
should be maintained in order to rejuvenate the
system. Consequently, continuous monitoring of the
coastal waters of the Red Sea is necessary to maintain
a healthy ecosystem of ecological importance for the
future generations.
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Supplementary material 1

List of different phytoplankton species observed at the three sites during the study period. [- indicates the absence,
+ indicates the presence of a given species (< 1 x 10® individuals m=), ++ indicates moderate cell abundance (10 to

100 x 10% individuals m~3) and +++ indicates high cell abundance (> 900 x 10° individuals m=3)].
Site 1 Site 2

Bacillariophyceae
Centric diatoms

|
+

Bacteriastrum hyalinum Lauder, 1864 —
Bellerochea horologicalis Stosch, 1980 —
Cerataulina sp. +
Cerataulina bicornis (Ehrenberg) Hasle, 1985 +
Cerataulina dentate Hasle in Hasle & Syvertsen, 1980 +
Cerataulina pelagica (Cleve) Hendey, 1937 —
Chaetoceros sp. +
Chaetoceros affinis Lauder, 1864 +

Chaetoceros coarctatus Lauder, 1864 —

+ 4+ + + + + + + o+

Chaetoceros concavicornis Mangin, 1917 +
Chaetoceros constrictus* Gran, 1897 + — —
Chaetoceros costatus* Pavillard, 1911 — + —
Chaetoceros criophilus Castracane, 1886 — —
Chaetoceros curvisetus Cleve, 1889 + +
Chaetoceros debilis* Cleve, 1894 — —
Chaetoceros decipiens Cleve, 1873 + +
Chaetoceros dichaeta Ehrenberg, 1844 — + —
Chaetoceros eibenii* Grunow, 1882
Chaetoceros lorenzianus Grunow, 1863
Chaetoceros mitra* (Bailey) Cleve, 1896
Chaetoceros peruvianus Brightwell, 1856
Chaetoceros pseudocurvisetus Mangin, 1910 — + —
Climacodium frauenfeldianum Grunow, 1868 — + —
Corethron pennatum* (Grunow) Ostenfeld, 1909 — — +

|
+

Coscinodiscus sp. +
Coscinodiscus granii Gough, 1905 +
Coscinodiscus marginatus Ehrenberg, 1844 +
Coscinodiscus radiates Ehrenberg, 1840 +
Dactyliosolen sp. —
Dactyliosolen fragilissimus (Bergon) Hasle, 1996 +
Dactyliosolen phuketensis* (B.G.Sundstrom) G.R.Hasle, 1996 +
Detonula pumila (Castracane) Gran, 1900
Ditylum brightwellii (TWest) Grunow, 1885 —
Ethmodiscus rex* (Wallich in Rattray) Hendey in Wiseman & Hendey, 1953

+
+ + + + + + + + + o+
+

Eucampia zodiacus Ehrenberg, 1839

Guinardia sp.

Guinardia cylindrus (Cleve) Hasle, 1996
Guinardia delicatula (Cleve) Hasle, 1997
Guinardia flaccida (Castracane) H.Peragallo, 1892
Guinardia striata (Stolterfoth) Hasle, 1996
Helicotheca tamesis (Shrubsole) M.Ricard, 1987 —
Hemiaulus hauckii Grunow ex Van Heurck, 1882

+ + + 4+ + o+ o+

+ + + o+

Hemiaulus membranaceus Cleve

+ + + + + + o+ o+

Hemiaulus sinensis Greville, 1865

Hemidiscus cuneiformis Wallich, 1860

s

Lauderia annulata Cleve, 1873

+ + + o+ o+ +
+ 4+ o+ o+ o+ o+

e

Leptocylindrus danicus Cleve, 1889

3 www.oandhs.ug.edu.pl
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_

Leptocylindrus minimus* Gran, 1915
Lithodesmium undulatum Ehrenberg, 1839 +
Odontella aurita (Lyngbye) C.Agardh, 1832 =
Paralia sulcate (Ehrenberg) Cleve, 1873 +
Planktoniella sol (C.G.Wallich) Schitt, 1892 +
Proboscia alata (Brightwell) Sundstrom, 1986 + ++
+
+

+ o+ 4+ o+
|

+

Pseudoguinardia recta* von Stosch, 1986
Pseudosolenia calcar-avis (Schultze) B.G.Sundstrom, 1986
Rhizosolenia sp. - -

+ + + o+ o+

Rhizosolenia acicularis B.G.Sundstrém, 1986 —

Rhizosolenia acuminate (H.Peragallo) H.Peragallo, 1907 =
Rhizosolenia bergonii H.Peragallo, 1892 + — —
Rhizosolenia castracanei* H.Peragallo, 1888 —
Rhizosolenia clevei* Ostenfeld, 1902

e

Rhizosolenia crassa* Schimper, 1905

Rhizosolenia curvata* Zacharias, 1905

Rhizosolenia hebetate Bailey, 1856

Rhizosolenia imbricate Brightwell, 1858

Rhizosolenia ostenfeldii B.G.Sundstrom, 1986 —
Rhizosolenia polydactyla* Castracane, 1886 +

¥
¥
¥
Rhizosolenia formosa* H.Peragallo, 1888 +
¥
¥

Rhizosolenia setigera Brightwell, 1858 +
Rhizosolenia striata* Greville, 1864 —
Rhizosolenia styliformis T.Brightwell, 1858 +
Rhizosolenia temperei H.Peragallo, 1888 -
Skeletonema costatum (Greville) Cleve, 1873
Thalassiosira sp.

Thalassiosira subtilis (Ostenfeld) Gran, 1900
Triceratium dubium Brightwell, 1859

Pennate diatoms
+ +

+ o+ o+ o+ o+ o+ o+ o+ o+ A+ o+
+

+ + + o+

Entomoneis alata (Ehrenberg) Ehrenberg, 1845 +

Amphiprora gigantean Grunow, 1860 +

Amphora sp. + —
Asterionellopsis glacialis (Castracane) Round, 1990 + ++

Climacosphenia moniligera Ehrenberg, 1843 + ++

Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin, 1964 + ++

Diploneis smithii (Brébisson) Cleve, 1894 i = -
Fragilaria sp. — + +
Fragilaria striatula Lyngbye, 1819 + + —
Gyrosigma fasciola (Ehrenberg) J.W.Griffith & Henfrey, 1856 + +

Haslea trompii (Cleve) Simonsen, 1974 + +

Haslea wawrikae* (Hustedt) Simonsen, 1974 — + —
Licmophora abbreviate C.Agardh, 1831 + + +
Licmophora flabellata (Grev.)C.Agardh, 1831 + + —
Licmophora gracilis (Ehrenberg) Grunow, 1867 + + —
Lioloma elongatum (Grunow) Hasle, 1997 — + —
Meuniera membranacea (Cleve) P.C.Silva, 1996 + + +
Navicula sp. + + =
Navicula directa (W.Smith) Ralfs, 1861 + ++ +
Navicula distans (W.Smith) Ralfs, 1861 — + —
Navicula transitans Cleve, 1883 +

Nitzschia sp. +

Nitzschia acicularis* (Kitzing) W.Smith, 1853 + — —
Nitzschia longissimi (Brébisson) Ralfs, 1861 + + +
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Petrodictyon gemma (Ehrenberg) D.G.Mann, 1990

Pleurosigma sp.

+
Pleurosigma directum Grunow, 1880 + + —
Pleurosigma elongatum W.Smith, 1852 +

Pleurosigma formosum W.Smith, 1852 +

Pleurosigma normanii Ralfs, 1861 — —

Pseudo-nitzschia delicatissima® (Cleve) Heiden, 1928 +++ +++

Pseudo-nitzschia seriata® (Cleve) H.Peragallo, 1899 + +

Striatella unipunctata (Lyngbye) C.Agardh, 1832 — + —
Synedra sp. +
Synedra biceps* W.Smith, 1853 +

Synedropsis hyperborea* (Grunow) G.R.Hasle, L.K.Medlin & E.E.Syvertsen, 1994 + — —
Thalassionema bacillare (Heiden) Kolbe, 1955 +

Thalassionema frauenfeldii (Grunow) Tempére & Peragallo, 1910 +

Thalassionema nitzschioides (Grunow) Mereschkowsky, 1902 — —

Thalassiothrix longissimi Cleve & Grunow, 1880

4

¥
Toxarium undulatum Bailey, 1854 + + —
Alexandrium sp. + +
Alexandrium affine (H.Inoue & Y.Fukuyo) Balech, 1995 —
Alexandrium fundyense® Balech, 1985 —
Alexandrium minutum® Halim, 1960 +
Alexandrium tamarense® (Lebour, 1925) Balech, 1995
Amphidinium sphenoides Wulff, 1916

Amphisolenia bidentate Schroder, 1900

Ceratocorys armata (Schitt) Kofoid, 1910

Ceratocorys horrida Stein, 1883

Corythodinium tesselatum (Stein) Loeblich Jr. & Loeblich Ill, 1966
Dinophysis sp.

+
+ 4+ + + + + + + o+

Dinophysis acuminata®Claparéde & Lachmann, 1859
Dinophysis acuta®Ehrenberg, 1839
Dinophysis caudata® Saville-Kent, 1881

Dinophysis dens Pavillard, 1915

Dinophysis hastate Stein, 1883

Dinophysis miles® Cleve, 1900

Dinophysis odiosa (Pavillard) Tai & Skogsberg, 1934

+ o+ o+ o+

Dinophysis tripos® Gourret, 1883

+
|

Dinophysis uracantha Stein, 1883
Gonyaulax sp.

|
+

Gonyaulax polygramma Stein, 1883
Gonyaulax scrippsae Kofoid, 1911
Gonyaulax spinifera® (Claparéde & Lachmann) Diesing, 1866

+ + + + + + + + 4+ + + + + + + + o+ o+

Gonyaulax verior Sournia, 1973

Gymnodinium sp.
Heterocapsa triquetra (Ehrenberg) Stein, 1883

|
|
+

Ornithocercus heteroporus* Kofoid, 1907

Ornithocercus magnificus Stein, 1883

Ornithocercus quadratus Schiitt, 1900

Ornithocercus splendidus Schitt, 1895

Ornithocercus steinii Schiitt, 1900

Ornithocercus thumii* (Schmidt) Kofoid & Skogsberg, 1928
Oxytoxum gracile Schiller, 1937

Phalacroma sp.

+ + + + + + + o+ 4+
|
|

Phalacroma cuneus F.Schutt, 1895

3 www.oandhs.ug.edu.pl
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Phalacroma doryphorum Stein, 1883

Phalacroma mitra® F.Schiitt, 1895 + - -
Phalacroma oxytoxoides* (Kofoid) F.Gomez, P.Lopez-Garcia & D.Moreira, 2011 — — +
Phalacroma rapa Jorgensen, 1923 + — —
Phalacroma rotundatum® (Claparéde & Lachmann) Kofoid & Michener, 1911 + + +
Podolampas palmipes Stein, 1883 — + —
Podolampas spinifera Okamura, 1912 — + —
Prorocentrum sp. + — —
Prorocentrum cordatum® (Ostenfeld) J.D.Dodge, 1975 + +

Prorocentrum gracile Schiitt, 1895 + +

Prorocentrum lima® (Ehrenberg) F.Stein, 1878 + + —
Prorocentrum micans® Ehrenberg, 1834 + +

Prorocentrum triestinum J.Schiller, 1918 + +

Protoceratium reticulatum (Claparéde & Lachmann) Butschli, 1885 — + —
Protoperidinium sp. + +

Protoperidinium bipes* (Paulsen, 1904) Balech, 1974 + +

Protoperidinium claudicans (Paulsen, 1907) Balech, 1974 + +

Protoperidinium conicum (Gran, 1900) Balech, 1974 + ++ ++
Protoperidinium crassipes (Kofoid, 1907) Balech, 1974 + +

Protoperidinium curtipes (Jgrgensen, 1912) Balech, 1974 — —

Protoperidinium depressum (Bailey, 1854) Balech, 1974 — +

Protoperidinium divergens (Ehrenberg, 1840) Balech, 1974 + ++ ++
Protoperidinium elegans (Cleve, 1900) Balech, 1974 + +

Protoperidinium grande (Kofoid, 1907) Balech, 1974 + —

Protoperidinium leonis (Pavillard, 1916) Balech, 1974 — +

Protoperidinium oblongum (Aurivillius) Parke & Dodge, 1976 + — —
Protoperidinium oceanicum (VanHoffen, 1897) Balech, 1974 + +

Protoperidinium ovatum Pouchet, 1883 + +

Protoperidinium ovum (Schiller, 1911) Balech, 1974 + + ++
Protoperidinium pallidum (Ostenfeld, 1899) Balech, 1973 + + ++
Protoperidinium pellucidum Bergh, 1881 + +

Protoperidinium pentagonum (Gran, 1902) Balech, 1974 + +

Protoperidinium steinii (Jgrgensen, 1899) Balech, 1974 + + ++
Pyrocystis lunula (Schutt) Schitt, 1896 + — —
Pyrophacus steinii (Schiller) Wall & Dale, 1971 — +

Scrippsiella trochoidea (Stein) Loeblich I1I, 1976 + —

Tripos arietinus (Cleve) FGémez, 2013 — + —
Tripos brevis (Ostenfeld & Johannes Schmidt) FGémez 2013 + + +
Tripos candelabrus (Ehrenberg) F.Gomez, 2013 + + —
Tripos carriensis (Gourret) F.Gémez, 2013 + +

Tripos contortus (Gourret) F.Gomez, 2013 + +

Tripos declinatus (G.Karsten) F.Gémez, 2013 + +

Tripos deflexus (Kofoid) F.Gomez, 2014 + + —
Tripos furca (Ehrenberg) F.Gomez, 2013 + ++ ++
Tripos fusus (Ehrenberg) F.Gomez 2013 + ++ ++
Tripos gibberus (Gourret) F.Gémez 2013 + + —
Tripos horridus (Cleve) F.Gomez 2013 + ++

Tripos incisus (Karsten) FGémez, 2013 —

Tripos inflatus (Kofoid) F.Gomez 2013 +

Tripos kofoidii (J6rgenen) F.Gomez, 2013 — + —
Tripos lineatus (Ehrenberg) F.Gomez, 2013 + ++ +
Tripos longipes (J.W.Bailey) F.Gomez, 2013 + —
Tripos lunula (Schimper ex Karsten) F.Gomez, 2013 +

Tripos macroceros (Ehrenberg) F.Gomez, 2013 +
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Tripos pentagonus (Gourret) F.Gomez, 2013
Tripos platycornis (Daday) F.Gdmez 2013 + — —
Tripos praelongus (Lemmermann) Gémez, 2013 = —
Tripos pulchellus (Schréder) F.Gémez, 2013

Es

Tripos ranipes (Cleve) F.Gémez, 2013

¥
+
Tripos symmetricus (Pavillard) F.Gomez 2013 +
Tripos teres (Kofoid) F.Gomez 2013 + ++
Tripos trichoceros (Ehrenberg) Gomez 2013 +

+

+ o+ o+ o+

Tripos vultur (Cleve) F.Gémez, 2013

Cyanophyceae
Anabaena sp. — + —

Nostoc sp. — + —
Richelia intracellularis ).Schmidt, 1901 +

Trichodesmium sp. ++ ++
*New record for the Red Sea, © Harmful algal species






