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Abstract: This study aims to investigate the abundance, community, and structure of phytoplankton,
physicochemical parameters, and some eutrophication state indices, to estimate the water quality of
eight selected beaches along the Alexandria Coast, in the southeast of the Mediterranean Sea. The
samples were collected monthly from 2019 to 2020. Nutrient values ranged from 1.54 to 33.21 µM
for nitrate, 0.01 to 1.98 µM for nitrite, 0.12 to 9.45 µM for ammonia, 0.01 to 1.54 µM for phosphate,
and 0.67 to 29.53 µM for silicate. Phytoplankton biomass was characterized by chlorophyll-a concen-
tration, which fluctuated between 0.12 and 12.31 µg L−1. The annual phytoplankton average was
63.85 ± 17.83 × 103 cells L−1. Phytoplankton was highly diversified (228 taxa), and the most diversi-
fied group was diatoms (136 taxa), followed by a remarkably low number of Dinophyta (36 taxa).
Diatoms reached maximum abundance in December. Meanwhile, a dense bloom of microalga
Chlorella marina occurred in June on some beaches. High temperature, high dissolved inorganic
nitrogen, and less-saline waters have supported green algal proliferation. The Shannon–Wiener
diversity index (H’) showed that there was a qualitative seasonal difference in the composition of the
phytoplankton community. Waters of beaches 1–3 were classified as between clean and moderately
polluted; and beaches 4–8 varied between moderately and heavily polluted. The study revealed that
human activities might have triggered the algal bloom and may be responsible for alterations in the
Alexandria coast ecosystem.

Keywords: phytoplankton; Mediterranean Sea; human activities; water quality; biotic and abi-
otic variables

1. Introduction

The eastern Mediterranean Sea is one of the world’s most oligotrophic aquatic ar-
eas [1]. This pattern may have changed in recent years due to human activities, leading to
unfavorable hydrochemical and hydrographic changes. The tourism industry has a huge
impact on the economies, communities, and ecology of coastal areas, where the majority of
the associated services are located [2]. The coastal zone of Egypt suffers from a number
of serious problems, including a high rate of population growth, excessive erosion rates,
saltwater intrusion, and lack of appropriate institutional management systems [3]. The
succession, abundance and seasonal variations of phytoplankton are related to a variety of
environmental factors in aquatic environments [4,5].
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Previous studies on the biotic and abiotic status of Alexandria’s coastal water were
focused on hotspots, including harbors and semiclosed areas, which usually show higher
nutrient concentrations (>15 µM phosphate, >50 µM dissolved inorganic nitrogen, >70 µM
silicate) and dense blooms of harmful algae such as Alexandrium minutum Halim, Proro-
centrum triestinum J. Schiller, Skeletonema costatum (Grev.) Cleve and Eutreptiella sp. [6–11].
Many studies have reported the occurrence of blooms along the Alexandria coast, which
were sometimes caused by green algae, such as in Marabella village, in which Carteria sp.
reached 2.7 × 106 cells L−1 [12] or by the singular euglenoid Eutreptiella, which reached
17 × 106 cells L−1 on the Western Harbor [10]. Eutrophication is caused by an increase
in nutrients in aquatic environments, mainly nitrogen and phosphorus, which results in
increased photosynthesis and organic matter accumulation [4].

Water quality monitoring is the initial step toward the management and conservation
of aquatic environments. Temperature, pH, salinity, dissolved oxygen, biological oxygen
demand, chemical oxygen demand, nutrients, reactive phosphate, heavy metal pollution,
and other chemical and physical elements, all have an impact on the marine environment,
as well as affecting aquatic species’ immigration, abundance, chemical structure, immunity,
survival, and growth [13–17]. The abundance, communities, and biodiversity, as well as
chemical and biochemical structure of phytoplanktonic cells, are among the most important
issues affected by water quality [3,6–9,18,19]. Low hydrologic flow, municipal discharges,
wastewater effluents, and other human activities could all contribute to poor water quality.
In addition, for recognizing the health status of the ecosystems, Shannon–Wiener diversity
(H’) is used to assess biodiversity [5]. Additionally, water quality indices (WQI) are impor-
tant tools that can provide insight into the health of ecosystems [4,20–22]. Furthermore,
eutrophication can cause negative effects among virtually all biological species and their
interactions within a water body [15]. The rate of this process is extremely slow under
natural conditions—over hundreds of thousands of years. Phytoplankton are the main
food source for zooplankton, which are considered a bridge between primary production
and higher trophic levels [23–29], and are also very important in monitoring water quality
and pollution [30–32].

Until now, studies on the biotic and abiotic parameters of the different Alexandria
beaches have not provided a clear evaluation of this environment. Therefore, this work aims
to assess water quality at Alexandria beaches by studying phytoplankton communities
and their relationships with physicochemical parameters, and to assess Shannon index
of diversity, Pielou’s evenness index, and WQI to provide information about the human
impacts on this coastal ecosystem, with the aim of providing a better understanding of the
issue to those who seek to make coastal management decisions.

2. Materials and Methods
2.1. Study Area

Alexandria lies on the southeast of the Mediterranean Sea, Egypt, between longitude
(29◦55′ and 30◦04′ E) and latitude (31◦13′ and 31◦19′ N) (Table 1). The Alexandria coast
contains more than 35 beaches, which are about 24 km long in total. Two decades ago,
the discharge of drainage water into the Alexandria beaches was stopped, and the main
source of beach pollution became the activity of vacationers, especially during summer
and autumn. Alexandria’s beaches have various statuses; tourist beaches, recommended
beaches, and free beaches. Because the tourist beaches are expensive, the impact on the
public beaches has been greater and denser. The chosen study beaches are public, cheap or
free, and so are crowded with visitors during summer and autumn. The beaches extend
for about 18 km with a maximum depth of 10 m. These beaches are El-Montaza (1),
El-Mandra (2), El-Asafra (3), Miamy (4), Sidi Bisher (5), Al-saraya (6), El-Shatby (7) and
El-Anfoshy (8), and each beach was represented by one station. El-Shatby and El-Anfoshy
are the most crowded beaches.
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Table 1. Sampling sites description.

No Sampling Site N E

1 El-Montaza 31 17 21 30 00 42

2 El-Mandra 31 16 51 30 00 36

3 El-Asafra 31 16 25 30 00 01

4 Miamy 31 16 12 29 59 29

5 Sidi Bisher 31 15 45 29 59 03

6 Al-saraya 31 13 20 29 55 51

7 El-Shatby 31 12 38 29 54 29

8 El-Anfoshy 31 12 46 29 52 54

2.2. Sampling and Laboratory Analysis

A Ruttner sampler was used to collect a total of 96 samples monthly from eight coastal
sites, from March 2019 to February 2020 (Table 1 and Figure 1). Two samples were gathered
from each beach (1 m depth): one for chemical analysis and the other for phytoplankton
count. The temperature of the water was measured in the field by a thermometer graduated
to 0.1 ◦C, and the pH was determined in situ by a portable digital pH meter. In addition,
water salinity was measured by a Beckman salinometer (Model NO.R.S. 10) and expressed
as ppt. Dissolved oxygen (DO), dissolved inorganic nitrogen (DIN), nitrite (NO3), nitrate
(NO2), ammonia (NH4), reactive silicate (RS), as well as soluble reactive phosphorus (SRP),
were measured in accordance with standard methods described in APHA [32]. The samples
for qualitative and quantitative analyses of phytoplankton were immediately fixed with
formaldehyde at 4% for laboratory examination. After full sedimentation, the topwater
was carefully siphoned off without disturbing the sample. Phytoplankton were identified
and counted by 2 mL of settling chambers, using a Nikon TS 100 inverted microscope
at 400× magnification by Utermohl [33] technique. The density of phytoplankton was
calculated as the number of cells per liter. The chlorophyll-a was estimated based on the
method described by Parsons [33].
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2.3. Water Quality Index (WQI)

The WQI is a statistic that reduces many measured parameters into a single value that
indicates water quality [34,35]. Seven parameters were chosen for the WQI: pH, DO, nitrite-
N, nitrate-N, ammonium, SRP, and RS. Each water quality parameter used in the WQI
calculation was multiplied by a weighting factor, the summation of which characterizes
water quality as good, medium, bad, or very bad. The quality rating (qi) for the water
quality factor was performed [36] as follows:

qi = 100×
[

Vi
Si

]
(1)

where Si is the standard of the stream water quality, and Vi is the observed data of the
factor at a known sampling site according to all parameters. The equation confirms that
qi = 100 if the presented data are impartial and equal to its standard data. Therefore, the
larger data of qi revealed polluted water.

To compute the WQI [34,35], the quality rating qi corresponding to the factor can be
determined using Equation (2):

WQI = Σqi (2)

where the parameter i for the variable q should take values from 1 to n.
The average water quality index (AWQI) for n factors was computed using the follow-

ing Equation (3):
AWQI = qi/n (3)

where n = number of factors. AWQI was categorized into four classes: good (0.0–100),
medium (100–150), bad (150–200), and very bad (over 200) [37].

2.4. Species Diversity Index

Species diversity index (Shannon index of diversity; H′) was assessed according to
Shannon [38] as follows:

H′ =
n

∑
i=1

Pi Ln Pi (4)

where Pi shows significance probability for all species (n/N is the proportion of i, expressed
as nets.

Wilhm and Dorris [39] proposed the following relationship between diversity index
(D’) and pollution status: >3 clean waters, 1–3 moderately polluted, <1 heavily polluted.
However, Staub et al. [40] proposed another scale of pollution which was different: (3.5–
4.5) slight pollution, (2.0–3.0) light pollution, (1.0–2.0) and moderate pollution, (0.0–1.0)
heavy pollution.

2.5. Pielou’s Evenness Index (J)

For calculating the evenness of species, the Pielou’s Evenness Index (J) was used as
per a previous study [38].

J = H′/In S (5)

where: H’ = Shannon–Wiener diversity index; S = total number of species in the sample.

2.6. Statistical Analysis

The Spearman rank correlation coefficient (r) was used to estimate the relationships
between phytoplankton abundances (n = 96) and environmental variables by using the
SPSS (8.0) Statistical Package Program.
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3. Results
3.1. Physicochemical Conditions

The monthly average hydrographic factors of the various beaches from March 2019
to February 2020 are presented in Table 2. Water temperature fluctuated between 18.6
and 19.9 ◦C in winter and between 26.6 and 27.3 ◦C in summer. Salinities showed high
oscillations with a maximum of 38.8 ppt in October (beach 1) and a minimum of 27.5 ppt in
May (beach 8); with an annual average of 35.43 ppt. pH values were alkaline and remained
comparatively stable throughout the study period. pH varied by 1.28 units among all
beaches. The minimum pH value (7.26) was recorded in May (beach 6), while the highest
(8.54) was in June (beach 4). The concentration of dissolved oxygen varied from 4.12 mg L−1

(49.9% saturation) in May to 7.50 mg L−1 (97.5% saturation) in April and June. DIN values
were significantly higher on beaches 6, 7, and 8 (>10 µM), in which nitrate was the highest
source of inorganic nitrogen compounds. In addition, the lowest and highest values (1.54
and 33.21 µM) were observed in beach 2 (May) and beach 6 (December), respectively. The
nitrite concentration was typically low and ranged between 0.01 and 1.98 µM. Furthermore,
ammonia varied significantly during the sampling stage from 0.04 to 9.45 µM. The SRP
was typically low, ranging between 0.01 and 1.54 µM. The lowest average values of SRP
were 0.09 and 0.02 µM, which occurred at beaches 1 and 2, respectively. On the other hand,
the highest values (0.20–0.42 µM) were observed at beaches 5 and 7, respectively. Silicate
values were generally high, with the highest values at beach 1 (29.53 µM) in December,
while the lowest was 0.67 µM recorded in June at beach 4. Moreover, ratios of DIN:SRP
were much higher than the Redfield ratio (N:P = 16) for most of the year but were lower
than the Redfield ratio in the summer months at beaches 4–8. The WQI fluctuated from
64 to 93. Therefore, water quality can be classified as varying from medium to excellent
among all beach sites.

Table 2. The average monthly physicochemical parameters and standard deviation (SD) from March 2019 to February 2020
at the beaches in Alexandria.

Beaches * 1 2 3 4 5 6 7 8

Parameter
(Min–Max) (Min–Max) (Min–Max) (Min–Max) (Min–Max) (Min–Max) (Min–Max) (Min–Max)
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Temperature (◦C) 18.6–27.0 18.6–27.0 18.7–27.1 18.7–27.3 18.7–27.2 18.8–27.2 18.8–27.2 18.8–27.3
23 ± 3.31 23.1 ± 3.25 23.2 ± 3.21 23.2 ± 3.28 23.2 ± 3.26 23.3 ± 3.29 23.3 ± 3.28 23.3 ± 3.3

pH 7.23–8.20 7.54 −8.20 7.67–8.30 7.45–8.54 7.42–8.34 7.26–8.32 7.43–8.34 7.38–8.44
7.88 ± 0.27 7.92 ± 0.17 7.94 ± 0.24 7.93 ± 0.25 7.98 ± 0.27 7.96 ± 0.28 7.97 ± 0.26 8.03 ± 0.32

Salinity (ppt) 34.80–38.8 33.4–38.2 33.60 −38.3 32.5–38.1 32.40–38.1 32.3–38.2 32.0–38.1 27.50–38.1
37.53 ± 1.00 35.43 ± 1.55 35.57 ± 1.54 35.27 ± 1.69 35.24 ± 1.69 35.06 ± 1.70 35.04 ± 1.75 34.31 ± 2.75

DO (mg L−1)
4.23–5.80 4.12–6.40 4.65–6.23 4.80–6.40 4.87–6.10 4.12–6.10 4.54–6.40 4.10–7.50

5.00 ± 0.62 5.60 ± 0.66 5.42 ± 0.45 5.49 ± 0.41 5.59 ± 0.36 5.42 ± 0.50 5.67 ± 0.48 6.39 ± 1.06

NO2-N (µg L−1)
0.01–0.93 0.01–0.95 0.04 −1.21 0.06–1.76 0.03–1.98 0.07–1.87 0.28–1.98 0.42–1.50

0.23 ± 0.29 0.26 ± 0.28 0.32 ± 0.34 0.49 ± 0.47 0.51 ± 0.52 0.61 ± 0.48 0.71 ± 0.45 0.74 ± 0.30

NO3-N (µg L−1)
2.36–9.04 1.54–10.54 1.98–10.65 2.65–16.76 3.43–19.76 3.54–33.21 2.65–23.76 3.54–13.78

3.84 ± 2.22 4.06 ± 2.52 4.23 ± 2.37 5.40 ± 3.78 6.05 ± 4.43 7.71 ± 8.17 7.79 ± 5.65 6.79 ± 2.59

NH4 (µg L−1)
0.12–7.55 0.04–6.34 0.23–5.87 0.23–7.34 0.04–7.54 0.10–7.39 0.04–9.45 0.26–7.98

2.48 ± 2.85 2.19 ± 2.31 2.51 ± 2.28 2.74 ± 2.92 2.89 ± 2.89 2.70 ± 2.75 3.54 ± 3.82 3.23 ± 3.13

PO4-P (µg L−1)
0.02–0.34 0.01–0.07 0.03–0.45 0.02–0.93 0.02–0.72 0.03–1.05 0.03–1.54 0.02–1.05

0.09 ± 0.09 0.02 ± 0.02 0.15 ± 0.16 0.28 ± 0.40 0.20 ± 0.23 0.30 ± 0.34 0.42 ± 0.54 0.29 ± 0.37

SiO2 (µg L−1)
9.08–29.53 5.91–25.21 6.98–16.09 0.67–23.41 6.14–22.05 4.05–23.12 3.98–25.67 3.57–25.70

16.29 ± 6.03 14.23 ± 6.48 11.04 ± 3.37 11.58 ± 5.88 14.19 ± 4.88 14.25 ± 6.38 15.28 ± 5.69 13.86 ± 7.21

Chl-a (µg L−1)
0.16–4.74 0.12–4.65 0.22–4.60 0.12 −12.31 0.47–5.65 0.16–4.12 0.13–5.73 0.18–5.23

1.57 ± 1.33 2.16 ± 1.34 2.37 ± 1.41 3.19 ± 3.34 2.64 ± 1.59 2.52 ± 1.41 2.76 ± 1.76 2.59 ± 1.59

WQI 66–90 82–92 75–90 70–89 69–89 69–86 64–90 68–91
82.65 ± 6.87 86.52 ± 2.53 83.03 ± 4.73 80.66 ± 5.12 81.19 ± 6.09 78.68 ± 5.83 79.30 ± 8.76 80.53 ± 7.81

* Beaches: 1: El-Montaza; 2: El-Mandra; 3: El-Asafra; 4: Miamy; 5: Sidi Bisher; 6: Al-saraya; 7: El-Shatby; 8: El-Anfoshy.
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3.2. Phytoplankton Community Structure and Composition

A total of 228 phytoplankton species were recorded in the different beaches. Bacillario-
phyceae (diatoms) was reported to have the highest richness index (53 genera, 136 species),
followed with less extent by Dinoflagellates (Dinophyta) (17 genera, 36 species). Chloro-
phyceae, Cyanophyceae, and Euglenophyta were characterized by 28, 19, and 6 species,
respectively. Rhodophyta, Raphidophyceae, and Dictyochophyceae were characterized by
having one species each (Table 3).

Table 3. Richness of the main phytoplankton groups recorded from Alexandria beaches.

Class Richness
(Number of Taxa)

Bacillariophyceae 136
Dinoflagellates 36
Chlorophyceae 28
Cyanophyceae 19
Euglenophyta 6
Rhodophyta 1

Raphidophyceae 1
Silicoflagellates 1

Total phytoplankton richness 228

The total number of species found on the studied beaches demonstrated a slight
variation. Beaches 1 and 2 harbored 135–138 species, followed by 129 species recorded
at beach 7. Similar numbers of species (122–123 species) were documented at beaches
3 and 4, although an obviously small number (113–116 species) was found at beaches
5, 6 and 8. The most diverse were pennate and centric diatoms, with 72 and 64 species,
respectively. Among the centric diatoms, the richest genera were Biddulphia (7 species),
Chaetoceros (5 species), and Rhizosolenia (5 species). For pennate diatoms, the Nitzschia
group was represented by 19 species (16 species of the genus Nitzschia and three species of
the morphologically close genera Pseudo-nitzschia. The genus Amphora was represented by
seven species. Of the 36 species of dinoflagellates, the richest genus was Protoperidinium,
with 7 species, and 4 species for each of Prorocentrum and Dinophysis. The most-dominant
species and their percentage contributions to the total phytoplankton density at the various
beaches are shown in Table 4. Phytoplankton abundance ranged from 1.37 × 103 to
1578 × 103 cells L−1 (63.85 ± 17.83 × 103 cells L−1 on average) and biomass characterized
by chlorophyll-a concentration ranged from 0.12 to 12.31 µg L−1 (2.476 ± 1.820 µg L−1

on average). Many species (70) were infrequent, with a relative abundance of <2.00% in
all samples, but they were important as they controlled phytoplankton diversity. The
lowest diversity (H′) was 0.151 recorded in June (beach 7) and the highest was 3.439 in
January (beach 1). Species evenness (J) fluctuated between 0.055 in June (beach 7) and
0.933 in August (beach 1), with relatively higher values mostly recorded throughout winter,
indicating the disappearance of species dominance at this period.

The correlation between phytoplankton species diversity index and abundance was
not significant but include r and p values of −0.018 and 0.863, respectively. Testing the
diversity equitability suggested that diversity had a strong relationship with equitability
(r = 0.945, p < 0.001).
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Table 4. Top 10 most-abundant phytoplankton species in each beach and their percentage to the total phytoplankton density.

Beach 1 * % Beach 2 % Beach 3 % Beach 4 %

Pseudo-nitzschia
delicatissima 12.27 Pseudo-nitzschia

delicatissima 15.44 Skeletonema costatum 23.30 Chlorella marina 44.44

Skeletonema costatum 11.13 Skeletonema costatum 11.16 Leptocylindrus danicus 14.47 Skeletonema costatum 19.25

Navicula tripunctata 11.10 Akashiwo sanguinea 5.12 Pseudo-nitzschia
delicatissima 12.89 Pseudo-nitzschia

delicatissima 5.78

Prorocentrum triestinum 10.31 Cyclotella kützingiana 5.06 Chlorella marina 7.97 Karenia mikimotoi 3.67

Cyclotella kützingiana 7.84 Cyclotella comta 4.60 Thalassiosira decipiens 3.89 Protoperidinium conicum 2.82

Cyclotella comta 7.53 Prorocentrum triestinum 3.82 Cyclotella kützingiana 3.00 Chaetoceros constrictus 2.28

Licmophora ehrenbergii 4.45 Navicula tripunctata 3.59 Cyclotella comta 2.66 Thalassiosira decipiens 2.19

Crucigenia rectangularis 3.55 Chlorella marina 2.97 Prorocentrum triestinum 2.59 Cyclotella kützingiana 1.90

Prorocentrum micans 3.42 Crucigenia rectangularis 2.96 Chaetoceros decipiens 2.02 Cyclotella comta 1.77

Leptocylindrus danicus 2.84 Nitzschia longissima 2.16 Navicula tripunctata 1.95 Eutreptiella braarudii 1.62

Beach 5 % Beach 6 % Beach 7 % Beach 8 %

Chlorella marina 29.72 Chlorella marina 38.06 Chlorella marina 79.03 Chlorella marina 1.62

Pseudo-nitzschia
delicatissima 10.94 Pseudo-nitzschia

delicatissima 13.08 Pseudo-nitzschia
delicatissima 7.33 Pseudo-nitzschia

delicatissima 58.67

Skeletonema costatum 9.68 Skeletonema costatum 10.28 Eutreptiella braarudii 1.52 Eutreptiella braarudii 5.95

Thalassiosira decipiens 6.77 Cyclotella kützingiana 5.20 Skeletonema costatum 1,21 Karenia mikimotoi 5.33

Leptocylindrus danicus 5.28 Leptocylindrus danicus 4.64 Protoperidinium
pellucidum 1.07 Skeletonema costatum 4.67

Karenia mikimotoi 3.91 Gonyaulax spinifera 3.67 Chaetoceros constrictus 0.89 Cyclotella kützingiana 4.47

Chaetoceros constrictus 3.67 Nitzschia longissima 2.29 Cyclotella kützingiana 0.76 Leptocylindrus danicus 3.22

Cyclotella comta 3.47 Protoperidinium cerasus 1.89 Exuviaella marina 0.76 Euglena granulata 2.60

Prorocentrum triestinum 2.43 Prorocentrum triestinum 1.84 Leptocylindrus danicus 0.74 Prorocentrum lima 1.39

Protoperidinium cerasus 2.33 Gyrodinium spirale 1.45 Pseudo-nitzschia seriata 0.36 Eutreptiella gymnastica 1.28

* Beaches: 1: El-Montaza; 2: El-Mandra; 3: El-Asafra; 4: Miamy; 5: Sidi Bisher; 6: Al-saraya; 7: El-Shatby; 8: El-Anfoshy.

3.3. Seasonal Variation of Phytoplankton

Regarding temporal variation, diatoms registered the highest counts in most beaches
during spring, autumn, and winter, and reached their maximum relative abundances
in beach 3 (75.92%), beach 1 (65.35%), beach 2 (63.10%). Chlorophyta was dominant
during summer (June) and reached 97% at beach 7. Dinophyta displayed the highest
abundance in late summer and early autumn (beaches 4, 5, and 6). Euglenophyta reached
its highest abundance in April (48.87%) at beach 8. In contrast, Cyanophyceae, Rhodophyta,
Raphidophyceae, and Silicoflagellates never dominated in the algal community, accounting
for a mean abundance percentage of 0.7%. The lowest phytoplankton abundance was
recorded in spring (Figure 2) with a mean of 30.14 × 103 ± 19.08 × 103 cells L−1 and
ranged between 15.19 × 103 cells L−1 in beach 5 and 70.20 × 103 cells L−1 in beach 4.
Spatial fluctuation varied widely regarding the phytoplankton densities and dominant
species. Additionally, Bacillariophyta was the dominant division at all sampling stations
except in beaches 7 and 8 in March and April in beach 8, and sharing abundance with
Dinophyta in March (beach 1). Cyclotella kützingiana Thwaites, Pseudo-nitzschia delicatissima
(Cleve) Heiden, and Skeletonema costatum (Greville) Cleve formed the bulk of the diatom’s
abundance. Dinophyta was dominant in April (beaches 7 and 8) and May (beach 8).
Prorocentrum triestinum J. Schiller and Karenia mikimotoi (Miyake and Kominami ex Oda)
Gert Hansen and Ø. Moestrup were the most dominant forms. In addition, the contribution
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of Euglenophyta to the whole abundance in April was 48.9% at beach 8. The development
of Cyanophyta reached 21.9% in March (beach 7). Eutreptiella spp. from Euglenophyta and
Oscillatoria simplicissima Gomont from Cyanophyta appeared clearly.
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However, in the summer season, the mean cell of abundance was 148.21 × 103 ±
175.61 × 103 cells L−1. Additionally, the total average of phytoplankton varied between
7.95 × 103 cells L−1 in beach 1 and 532.02 × 103 cells L−1 (beach 7). Additionally, spatial
fluctuation varied extensively in density as well as the dominant species. In June, except
for beaches 1–3, Chlorophyta was the dominant division, and a green algal bloom of
Chlorella marina (Butcher) reached an extreme concentration of 1.54 × 106 cells L−1 at beach
7. The blooming covered beaches 4 and 8. The community began recovering during July
(diatoms reached 44.18%) and in August, Dinophyta reached 67.34%. Dinophyta was the
second most significant division on beach 2, in which Prorocentrum lima Cienkowski was
the dominant form. Pseudonitzschia delicatissima was dominant at beaches 1, 2, and 3.

During the autumn season, the average phytoplankton abundance was 33.93 × 103

± 16.01 × 103 cells L−1. The total average phytoplankton abundance varied between
15.73 × 103 cells L−1 at beach 3 and 66.12 × 103 cells L−1 at beach 7. Diatoms achieved the
highest percentage, varying between 53.16% at beach 3 and 81.42% at beach 7. Pseudonitzschia
delicatissima was the dominant species at all beaches during September, Skeletonema costa-
tum (beaches 3, 4, 6, and 8) during October, Cyclotella comta (Ehrenberg) Kützing (beach 2)
during September, and Navicula tripunctata (beach 1) formed the bulk of the phytoplankton
abundance during November. Dinophyta was second in dominance during September at
most beaches, forming 31% of the total abundance, whereas the dominant species were
Prorocentrum triestinum (beach 1), Akashiwo sanguinea K.Hirasaka (beach 2), Protoperidinium
conicum (Gran) Balech (beach 4), Protoperidinium cerasus (Paulsen) Balech (beaches 5 and 6)
and Protoperidinium pellucidum Bergh (beach 7).

Nevertheless, during the winter season, the total phytoplankton abundance varied
between 17.07 × 103 cells L−1 (beach 1) and 67.59 × 103 cells L−1 (beach 3) with a seasonal
average of 43.13 × 103 ± 16.33 × 103 cells L−1. The community represented mainly by
diatoms reached 93% in December, corresponding to Pseudo-nitzschia delicatissima and
Leptocylindrus danicus (beaches 3, 5, 6, and 8). S. costatum was dominant from December-
January (beaches 3–8) and Thalassiosira decipiens (Grunow) E.G. Jørgensen was dominant
during January at beaches 3, 4, and 5. Gonyaulax polygramma Stein from Dinophyta showed
a considerable number during February at beach 6.

3.4. Correlation Analysis between Biotic and Abiotic Variables

Phytoplankton, in terms of abundance and biomass and the selected taxonomical
groups, were not significant with any of the environmental variables. A strongly negative
significant correlation (p < 0.001) existed between the WQI and SRP (r = −0.819), ammonia
(r = −0.721), pH (r = −0.492), and temperature (r = −0.450), and a significant positive
correlation existed between WQI and silicate (r = 0.241). Temperature was associated
with ammonia (r = 0.597) and phosphate (r = 0.462) and showed a negative correlation
with silicate (r = −0.387). Moreover, Shannon’s index of diversity (H’) values were mostly
augmented as the numeral of species (S) (r = 0.504, p < 0.001), and showed a positive
correlation with salinity values (r = 0.265, p < 0.05). In general, species numbers increased
in parallel to increasing phytoplankton density (r = 0.358, p < 0.001).

4. Discussion

Following the implementation of wastewater treatment over the last two decades and
the cessation of sewage discharge into Alexandria’s coastal waters, the main source of
pollution affecting the studied public beaches is human activities resulting from the high
volume of visitors from late spring to early autumn. Despite the relatively small geographic
area of the studied coast of Alexandria’s waters extending for about 18 km, it showed a
distinct change in the abiotic and biotic conditions from one beach to another. All oxygen
values of the sampled beaches fell below the limit of 10 mg L−1. These low values can be
attributed to the degradation of organic materials resulting from human activities [41–44].

Nutrient concentrations were relatively lower than the average values in touristic
villages and Matrouh beaches west of the Alexandria coast [12,41]. In the current study,
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phosphate, silicate, nitrate, nitrite and ammonia concentrations, flocculated in the ranges
0.01–1.54, 0.67–29.53, 1.54–33.21, 0.01–1.98, and 0.04–9.45, respectively, whereas in Matrouh
beaches, the concentrations different in the ranges 0.01–7.30, 0.20–4.79, 0.13–5.10, 0.01–0.30,
and 0.18–16.83 µM, respectively [41], and in the touristic village Marakia in the west of
Alexandria, the concentrations were fluctuated between 0.00–2.50, 0.11–3.08, 0.10–4.01,
0.00–0.30, and 0.14–24.25 µM, respectively [41] (Table 5).

Table 5. Several year observations of nutrient salts (µg L−1) in Alexandria coast.

Nutrients Salts

Alexandria Beaches Matrouh Beaches Touristic Village Marakia

Present Study Gharib et al. [41] Shams El-Din and Abdel
Halim [12]

Phosphate 0.01–1.54 0.01–7.30 0.00–2.50

Silicate 0.67–29.53 0.20–4.49 0.11–3.08

Nitrate 1.54–33.21 0.13–5.10 0.10–4.01

Nitrite 0.01–1.98 0.01–0.30 0.00–0.30

Ammonia 0.04–9.45 0.18–16.83 0.14–24.25

On the other hand, Dango et al. [42] studied the Chlorophyll-a and nutrient salts in the
surface water along the Alexandria coast, and found that pH ranged between 7.53 and 8.12,
salinity between 35.34 and 38.28 ppt, dissolved oxygen between 4.77 and 11.13 mg L−1,
and the averages of nitrate, nitrite, ammonia, phosphate, and silicate were 7.97 ± 1.72,
0.66 ± 0.14, 2.18 ± 0.73, 0.37 ± 0.09, 12.42 ± 4.04 µM, respectively, and Chl-a ranged
between 0.38 and 6.96 µg L−1. Nitrate values were usually below the WHO recommended
concentration of 50 mg L−1. High concentrations of ammonia recorded during the summer
and autumn, in particular at beaches 7 and 8 (range: 2.87 and 9.45 µM), means the two
beaches suffered from some pollution. In the existence of high ammonium concentrations,
the phytoplankton productivity could be high or even higher if the cells are using NH4

+

rather than NO3
− [45,46].

Sewage from human activities is rich in these nutrients and may be responsible for
the high levels of the nutrients. Oczkowski and Nioxn [47] mentioned that 4 µM of nitrate
and 2 µM of ammonium are the criteria of eutrophication. On the other hand, Seroka [48],
James and Adejare [49] illustrated that a nitrate value less than 0.5 mg L−1 can still be
indicative of unpolluted waters. The nitrite values recorded are common to unpolluted
water; they ranged between 0.01 and 1.98 µM with an average of 0.48 µM. In addition,
silicate concentrations were generally high throughout the different beaches (with average
13.95 µM), with a strong increase in December when levels reached 29.53 µM on beach 1.
High concentrations of silicate may lead to the prevalence of diatoms (63–76%) especially
pennate forms.

Phosphorus is generally considered a limiting nutrient for the growth of phytoplank-
ton, and excess values can lead to eutrophication. The increased values of phosphate during
summer (average of 0.52 µM) are attributed to human activities. The optimal N:P ratio for
the growth of phytoplankton is known as the Redfield ratio and is equal to 16:1 [50]. In
the eastern region of the Mediterranean Sea, phosphate and nitrate levels are the limiting
nutrients [51,52]. Except for sporadic ratios in Alexandria beaches during the summer and
the late winter, the N:P ratios were much greater than the Redfield relationship, suggesting
a high nitrogen budget, meaning phosphorus was exerting a limiting influence all year.

Chl-a values ranged from 0.10 µg L−1 in March (beach 1), and 12.31 µg L−1 in January
(beach 4) with an annual average of 2.81 µg L−1. Chl-a concentration was relatively
high during the summer and autumn at beaches 7 and 8, depending on phytoplankton
productivity, because these beaches are more affected by human activities. Throughout
the sampling beaches, the majority of Chl-a values (76%) were more than 1.0 µg L–1.
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Despite the high Chl-a values in the present beaches, it was low when compared with
the values recorded in another Alexandria coast as in the Western Harbor, which reached
33.82 µg L−1 [8], and higher than 2.4 µg L−1 recorded in the Eastern Harbor and 2.0 µg L−1

in Katey Bey [53]. Chlorophyll-a concentration was not correlated with phytoplankton
number, which means that other nano- and pico-plankton cells that were not counted in
the current study could be responsible for the increase in chlorophyll-a.

The phytoplankton diversity in Alexandria beaches reveals an increment (228 taxa)
due to the high species number of diatoms (136 species), and may be related to the stability
of the studied beaches. The species numbers of phytoplankton in Alexandria beaches are
similar to those recorded in Matrouh beaches (203 taxa) by [41], and much greater than
those recorded in other Alexandria waters, which is 162 species, including 100 diatoms
and 32 dinoflagellates in the Eastern Harbor, and 110 species, including 64 diatoms and
21 dinoflagellates in Kayet Bey [43]. Shams El-Din and Abel Halim [12] qualified 90 species
(61 diatoms, 11 dinoflagellates) in El Mohandessin village; 83 species (56 diatoms, 12 di-
noflagellates) in Marakia village; 54 species (34 diatoms, 9 dinoflagellates) in Marabella
village. Dango et al. [42] studied the phytoplankton along the Alexandria coast during
2013–14 and recorded 153 species, including 85 diatoms and 31 dinoflagellates (Table 6).

Table 6. Total numbers of phytoplankton species and main groups in Alexandria coast during
different years.

Group/Source Bacillariophyta Dinoflagellates Total Phytoplankton
Species

Alexandria
Beaches Present Study 136 36 228

Matrouh beaches [41] 120 52 203

Alexandria coast [42] 85 31 153

Eastern Harbor
[43]

100 32 162

Kayet Bay 64 21 110

El Mohandessin
village

[12]

61 11 90

Marakia village 56 12 83

Marabella village 34 9 54

The overall mean of phytoplankton density in Alexandria beaches was 64× 103 cells L−1,
this average being 4.57 times higher than recorded in Matrouh beaches [41] and >20 times
higher in Marakia touristic village of Shams El-Din and Abel Halim [12] and is in conformity
with the results of Dango et al. [42] along the Alexandria coast, and 4 times fewer than in
other Alexandria beach areas such as harbors and semienclosed zones [8,10,54].

The increase in p. delicatissima numbers is mostly reported to take place at low tempera-
tures [55–57], and might adjust to an extensive range of temperatures therefore being able to
bloom in various seasons, as shown by it being more abundant in September and December.
Increased numbers of the genus Pseudo-nitzschia were common in coastal waters rich with
nutrients, and their existence may be an indication of eutrophication [8,58]. Dinoflagellates
were second in importance. Devell and Kideys [58] mentioned that dinoflagellates flourish
well at high temperatures; the present results showed a clear existence of dinoflagellates
during summer and autumn.

During early summer (June), beaches 4–8 were characterized by an isolated event of
one species, Chlorella marina, which reached 97.5% of the total phytoplankton abundance
(beach 7), whereas no green algae blooms were observed in beaches 1 and 3 at the same
time. The Chlorella bloom coincided with a 5 ◦C increase in water temperature, plus the
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pH values were slightly higher than the nonbloom beaches (8.08–8.54) and the water was
less saline (33.8–34.2 ppt). There was an obvious increase in phosphorus (0.64 µM), nitrate
(7.27 µM), and ammonia (8.97 µM). All the previous factors enhance the growth of Chlorella.
Ouyang et al. [59], Mohanty et al. [60] and Asha et al. [61] reported that C. marina flourishes
with the increase in salinity and can also tolerate higher temperature. Adenan et al. [46]
mentioned that 25 ppt salinity and 25 ◦C temperature were optimum for the growth of
Chlorella. Euglenophyta was the main component in April (beach 8), forming 48.87% of
the total density. The genus Eutreptiella was the leader, and it was commonly observed in
Egyptian waters [10]. Euglenophyta can grow rapidly at higher nutrient concentrations,
moderate salinity, and high temperatures in the range >20 ◦C, therefore these factors
appeared to provide ideal conditions for the growth of euglenophycean blooms [62].

In addition, the range of the Shannon index (0.151–3.439 nats) is wider than (1.00–2.50)
that which was recorded by Gharib et al. [8], Heneash et al. [10], Khairy et al. [63] in other
coastal waters. Diversity indices decreased to less than 1 nats in June and increased to
more than 3 nats in January. The lowest diversity values were recorded in beaches 4–8.
Diversity reached its minimum level when a few species dominated the community. The
highest species diversity recorded during winter was due to a more stable community
and a balanced distribution among species. It makes sense to consider that phytoplankton
diversity correlated with phytoplankton abundance, but the present study failed to find a
statistically significant relationship between abundance and diversity (r =−0.018, p = 0.863)
which may be because other factors were in control of the variations in the two variables.
According to Wilhm and Dorris [39] and Staub et al. [40] the waters of beaches 1–3 are
classified as between clean and moderately polluted, and beaches 4–8 varied between
moderately and heavily polluted.

The water quality index is a valuable tool to evaluate water quality and can be
calculated by transforming many physical and chemical factors into a single number that
symbolizes the level of the water quality [35,64]. This index can enable decision makers
to assess the water quality. The obtained data suggested that the water quality off the
various beaches in Alexandria was good, with some indices of medium recorded in summer.
Generally, 86% of the WQI values corresponded to “good” water quality. As well as the
correlation coefficients amongst WQI and physical and chemical factors, it was shown that
WQI negatively correlated with ammonia (r = −0.721), phosphate (r = –0.819), temperature
(r = −0.450), and pH values (r = −0.492) at p < 0.001. Accordingly, it can be concluded that
the WQI is more appropriate for evaluating the water quality of the Alexandria beaches
than the diversity index based on phytoplankton species. The principal feature of the
studied beaches is the spatial differences in the physicochemical influences, phytoplankton
abundance and structure, and phytoplankton diversity index. Turkoglu [65,66] emphasized
the fact that seasonal changes in phytoplankton abundance and species structure are mainly
dependent on exchanges between chemical and physical influences.

5. Conclusions

The Alexandria Beaches (El-Montaza, El-Mandra, El-Asafra, Miamy, Sidi Bisher, Al-
saraya, El-Shatby, and El-Anfoshy) of the southeastern Mediterranean Sea, Egypt, studied
in the present studies, are public and highly populated. The results revealed that the
water quality index fluctuated from 64 (beach 7, El-Shatby) to 93 (beach 2, El-Mandra);
hence, the water can be categorized as medium to good. The phytoplankton density
and composition exhibit spatial and temporal changes, whereas the abundance averaged
63.85 ± 17.83 × 103 cells L–1, and biomass characterized by chlorophyll-a concentration
averaged 2.476 ± 1.820 µg L–1 in different studied sites, with the maximum in the summer
season. The species with the highest abundance were Bacillariophyceae, Dinoflagellates,
and Chlorophyceae. It is possible to say that Alexandria beaches have generally olig-
otrophic waters. Beaches 7 and 8 (El-Shatby and El-Anfoshy, respectively) are unique and
display a transition from oligotrophic to mesotrophic conditions. These beaches contain
many human activities such as cafeterias, clubs, and boats, which are characterized by
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a high density of vacationers, and high tourism activities, in addition to the presence
of shipbuilding centers that dump their waste on the beach. Similarly, when compared
to other coastal zones around the Alexandria coast, anthropogenic effects were minimal.
Furthermore, during the study period, no severe nutrient concentrations were found, and
no harmful algal blooms were reported.
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