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Abstract
This study examined spatial and temporal variations in hydrography, nutrients, and phytoplankton along the Jeddah
coast, Red Sea. Temperature ranged from 26.2± 0.14°C (February) to 33.4± 0.17°C (August), with minimal salinity
changes. Nitrate, silicate, and SPM were elevated in the central region. Chlorophyll a and phytoplankton abundances
peaked there, reaching 1.54 mg m−3 in October and 43,393× 103 cells m−3 in July. Centric diatoms (Proboscia
alata) dominated in summer, pennate diatoms (Lioloma elongatum) in May, and dinoflagellates in June (1246× 103
cells m−3). Cyanophytes peaked in November. In total, 284 species, including 40 harmful taxa, were identified, mainly
diatoms and dinoflagellates.
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1. Introduction1

Phytoplankton constitute the primary foundation of ma-2

rine food webs and play a vital role in maintaining the3

health and functioning of ocean ecosystems (Reynolds,4

2008; Naselli-Flores and Padisák, 2023). Beyond support-5

ing aquatic productivity, these microscopic organisms play6

a crucial role in global biogeochemical processes, particu-7

larly in carbon cycling and oxygen production (Falkowski,8

1994; Schoo et al., 2013; Robinson, 2017). Through photo-9

synthesis, phytoplankton fix atmospheric carbon dioxide;10

a fraction of this carbon is transferred through the marine11

food web or transported to deeper ocean layers through12

the biological carbon pump, which transfers organic car-13

bon to depth (Richardson and Jackson, 2007; Durkin et14

al., 2016; Richardson, 2019). This mechanism is critical15

in sequestering carbon for long periods, thus mitigating16

the impacts of climate change by regulating atmospheric17

CO2 concentrations. Additionally, phytoplankton are pri-18

mary contributors to the global oxygen balance, producing19

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

nearly half of the Earth’s oxygen supply (Falkowski, 1994). 20

However, because of their sensitivity to environmental 21

changes, any alteration in surrounding physical, chemi- 22

cal, or biological parameters can disrupt their dynamics, 23

causing chain reactions that impact various components of 24

the marine ecosystem (Häder and Gao, 2015; Salmaso and 25

Tolotti, 2021). Consequently, monitoring phytoplankton 26

variability is essential for understanding ocean productiv- 27

ity, ecosystem stability, and the broader implications of 28

global climate change (Henson et al., 2021). 29

As primary producers surviving in an extremely olig- 30

otrophic environment, phytoplankton in theRedSea ecosys- 31

tem face significant challenges to their growth and prolif- 32

eration (Rasul et al., 2018). The naturally low nutrient 33

concentrations in these waters limit primary productivity, 34

making phytoplankton survival highly dependent on spo- 35

radic external inputs. Compounding these constraints, the 36

region’s hot and arid climate further exacerbates environ- 37

mental stress, creating conditions that are often unfavor- 38

able for phytoplankton growth and sustainability (Raitsos 39

et al., 2011). The scarcity of rainfall and the near absence 40

of riverine discharge along the eastern coast of the Red 41
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Sea result in minimal terrestrial nutrient input (Morcos,42

1970). Instead, the region relies heavily on alternative43

nutrient sources, mainly through the inflow of nutrient-44

rich waters from the Indian Ocean via the Bab-el-Mandeb45

Strait and periodic winter upwelling events, which tem-46

porarily replenish surface nutrients (Sofianos and Johns,47

2003; Wafar et al., 2016). Although much of the Red Sea48

ecosystem remains characteristically oligotrophic, notable49

changeshavebeenobserved in several of its coastal regions50

(Devassy et al., 2017; Carvalho et al., 2019). Increasing an-51

thropogenic influences, particularly near rapidly expand-52

ing urban centers anddensely populated coastal areas have53

begun to alter the natural oligotrophic status of these wa-54

ters (Ghandour et al., 2014; Cai et al., 2024). Inputs from55

domestic, industrial, and recreational activities are con-56

tributing to localized nutrient enrichment, which, in turn,57

is impacting the ecological balance of these regions (Peña-58

Garcı́a, 2022). These shifts are increasingly reflected in59

the composition and dominance patterns of phytoplank-60

ton communities, indicating a departure from the typical61

low-nutrient, low-biomass conditions that define much of62

the Red Sea.63

Jeddah, a rapidly expanding metropolitan city along64

the eastern coast of the Red Sea, serves as a prominent ex-65

ample of growing anthropogenic pressures on coastal ma-66

rine ecosystems (Peña-Garcı́a et al., 2014). In recent years,67

the region has experienced several eutrophication events,68

signaling a departure from the traditionally oligotrophic69

conditions of the Red Sea (Al-Amri et al., 2020; El-Sherbiny70

et al., 2021). Localized nutrient enrichment – driven by71

urban runoff, sewage discharge, and coastal development72

– poses significant threats to marine biodiversity, particu-73

larly to the region’s historically pristine coral reef ecosys-74

tems (Turki andMudarris, 2008). A growing concern is the75

increasing occurrence of phytoplankton species capable76

of forming harmful algal blooms (HABs) in coastal waters77

(Mohamed, 2018). The Jeddah coastline, in particular, is78

witnessing an increasing frequency of such events, raising79

serious ecological and management challenges for the sus-80

tainability ofmarine resources and ecosystemhealth in the81

area (Gomaa et al., 2018; Al-Aidaroos et al., 2019). Continu-82

ous monitoring of phytoplankton abundance and diversity83

is therefore essential for assessing the ecological health84

of coastal waters and mitigating the impacts of eutroph-85

ication and HAB events (Al-Yamani et al., 2024; Ismael86

and Alkawri, 2024). Regular observation not only enables87

the early detection of shifts in community structure but88

also supports the identification of emerging HAB-forming89

species (Cullen, 2008). Establishing a comprehensive and90

region-specific phytoplankton database would serve as91

a valuable tool for both ecological research and manage-92

ment. Such a database would facilitate the long-term study93

of species diversity, track temporal and spatial trends, and94

aid in distinguishing potentially harmful taxa from benign95

ones.96

The present study investigated monthly phytoplank- 97

ton diversity across three distinct zones along the Jeddah 98

coastal region of the central Red Sea, each representing 99

varying degrees of anthropogenic influence. The northern 100

zone, characterized by minimal human impact, serves as a 101

relatively pristine reference site. In contrast, the central 102

zone is subjected to inputs from sewage discharge and 103

desalination plant effluents, while the southern zone is 104

influenced by the operations of a major international port 105

and the presence of sewage accumulation and treatment 106

facilities. This spatial approach enables comparison of 107

phytoplankton community composition under varying en- 108

vironmental pressures. Furthermore, the study extends be- 109

yond the immediate coastline to include adjacent offshore 110

stations, thereby capturing the extent to which coastal 111

anthropogenic activities influence broader marine ecosys- 112

tems. 113

2. Material and methods 114

2.1 Study sites 115

A total of 12 study sites were chosen in the coastal region 116

of Jeddah, a rapidly developing metropolitan city located 117

in the Red Sea basin. The selected sites were representa- 118

tive of the northern, central, and southern regions of the 119

area. Four sites were chosen from the northern region 120

(1A–2B), which is generally considered to be a pristine 121

environment. Four sites were chosen from both the cen- 122

tral (3A–4B) and southern regions (5A–6B), where anthro- 123

pogenic influences are more pronounced (Figure 1). In the 124

central zone’s coastal area, there is a desalination plant 125

and a sewage disposal site. The southern zone contains 126

the Jeddah International port, a sewage disposal site, and 127

two natural lagoons that suffer from severe man-made 128

pollution. Six of the selected sites were located in close 129

proximity to the coast (1A–6A), while the remaining six 130

(1B–6B) were located 4 km away from the coastal sites 131

(Figure 1). 132

2.2 Sampling strategy 133

All stations were sampled on a monthly basis for a year in 134

2019–2020 (January–December). Sea surface temperature 135

and salinity were measured using a portable water quality 136

measuring probe (Horiba U50), while water samples were 137

collected from a depth of 50 cm using a 5-L Niskin sam- 138

pler (Hydrobios). For chlorophyll a, 4–6 L of seawater was 139

collected in clean, acid-washed plastic carboys. For nutri- 140

ents, samples were collected separately in 500 ml Nalgene 141

bottles, and all water samples were kept in the shade un- 142

til reaching the shore laboratory. Phytoplankton samples 143

were collected using a 20-𝜇m plankton net (Hydrobios) 144

towed horizontally for 5 minutes at a boat speed of 1 knot. 145

The mouth area of the plankton net, with a diameter of 146

40 cm, was calculated using the formula 𝜋𝑟2. Flow meter 147

readings were recorded immediately before and after each 148

tow, and the distance traveled by the net was determined 149
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Figure 1. Map showing the sampling stations along the coastal waters of Jeddah, Saudi Arabia.

from the difference between the final and initial readings,150

multiplied by the calibration factor (0.3 m per revolution).151

The volume of water filtered (V) in cubic meters was then152

estimated as follows:153

𝑉 =𝜋𝑟2×𝐷

𝐷 =(𝐹final−𝐹initial)×0.3
(1)

The current study had an annual mean vwf of 5.19±154

4.99 m3. The samples were later promptly fixed in amber155

glass bottles using Lugol’s iodine solution along with a few156

drops of concentrated formaldehyde (Kürten et al., 2015).157

Upon reaching the laboratory, seawater samples were fil-158

tered throughWhatman GF/F filters (0.7 𝜇m) andWhat-159

manNucleoporemembrane filters (0.2 𝜇m) for chlorophyll160

a and nutrient estimation, respectively. Filter papers and161

water for nutrients were stored at−20°C for further analy-162

sis. Chlorophyll a concentrations and nutrient levels were163

determined using a Shimadzu UV spectrophotometer, fol-164

lowing the standard procedures described by Parsons et al.165

(1984). Chlorophyllawas extracted fromGF/F filters using166

90% acetone. The filters were kept overnight at 4°C in the167

dark to ensure complete pigment extraction. Acidification168

was performed using 1 N HCl to correct for phaeopigment169

interference, and absorbance readings were taken at 665170

and 750 nm before and after acidification. Chlorophyll a171

concentrations were calculated using the spectrophoto-172

metric equations of Parsons et al. (1984): 173

Chl-𝑎 (mgm−3) =

26.7[(𝐴665−𝐴750)before−(𝐴665−𝐴750)after]𝑉extract

𝑉filtered𝐿

(2)

where 𝑉extract is the extract volume (mL), 𝑉filtered is the vol- 174

ume of water filtered (L), and 𝐿 is the cuvette path length 175

(cm). This procedure ensured accurate quantification of 176

chlorophyll a, with appropriate correction for phaeopig- 177

ments and consistent QA/QC practices. Nutrient concen- 178

trations were measured following the colorimetric proto- 179

cols of Parsons et al. (1984) using 0.2 𝜇m filtered seawa- 180

ter. All filtrates were analyzed within 24 hours of collec- 181

tion. Instrument calibration was carried out using freshly 182

prepared multipoint standards, with reagent blanks and 183

duplicate samples included for QA/QC. Analytical preci- 184

sion and detection limits followed the specifications out- 185

lined in Parsons et al. (1984). The suspended particulate 186

matter (SPM) was estimated by filtering 1 L of seawater 187

through a pre-weighedMilliporemembrane filter (0.45 𝜇m 188

pore size). The filters were then dried at 60°C to constant 189

weight, and SPM concentration was calculated from the 190

difference between pre- and post-drying filter weights and 191

expressed in mg L−1. This temperature was selected to 192

avoid loss of volatilematerial, andduplicatemeasurements 193

were performed to ensure analytical precision. The phy- 194

toplankton samples were pre-screened using a 500-𝜇m 195
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mesh prior to identification to avoid large-sized zooplank-196

ton particles trapped in the samples during the sampling197

process. The process of phytoplankton enumeration was198

conducted using a Sedgwick rafter counting chamber, fol-199

lowing the standard protocols of LeGresley andMcDermott200

(2010). After the sample was thoroughly homogenized,201

a 1-mL aliquot was carefully introduced into the count-202

ing chamber using a micropipette. The loaded chamber203

was allowed to settle for a predetermined period to ensure204

uniformparticle distributionprior tomicroscopic examina-205

tion. Subsequently, four transects were randomly selected206

for observation, each comprising 200 microscopic grid207

units (50 mm×20 mm×1 mm). These transects were208

systematically analyzed to document and enumerate the209

phytoplankton taxa present. To ensure analytical precision,210

each sample was counted three times (triplicate analyses),211

and the resulting data were used to compute total phy-212

toplankton abundance (cells m−3) following established213

standard calculation protocols. Species identification was214

performed with the help of phytoplankton monographs215

like Taylor (1976) and Tomas (1997), and the identified216

species were cross-checked with WoRMS (World Register217

of Marine Species) http://www.marinespecies.org/ and218

http://www.algaebase.org/, following the latest nomen-219

clature. Harmful algal species detected in this study were220

classified according to the UNESCO (IOC) taxonomic refer-221

ence list of harmful microalgae (https://www.marinespec222

ies.org/hab).223

2.3 Statistical analyses224

Pearson’s correlation coefficient (𝑟) was used to assess the225

relationships between various physicochemical and bio-226

logical parameters. To evaluate the spatial and temporal227

variations of both biotic and abiotic variables during the228

study period, one-way ANOVA was performed. Both anal-229

yses were conducted using SPSS (version 23). To investi-230

gate differences in abiotic variables between stations with231

higher phytoplankton abundance (stations 3 and 4) and232

the remaining stations, independent t-tests were applied,233

using two-tailed p-values and 95% confidence intervals.234

Prior to performing the t-tests, the D’Agostino and Pearson235

omnibus normality test was used to determine whether236

parametric or nonparametric tests (Mann-Whitney U-test)237

were appropriate. These analyses were performed us-238

ing GraphPad Prism. To assess spatial variation in phy-239

toplankton community structure, 𝛽-diversity analysis was240

conducted using the one-way ANOSIM method (Anderson241

et al., 2011). This analysis was carried out monthly to242

evaluate temporal differences in community composition243

across the six transects. The analysis was based on the244

Bray-Curtis similarity matrices of the fourth root trans-245

formed abundance of species of phytoplankton of each246

sampling location. Phytoplankton communities of all six247

locations were used for the study. The BIO-ENV proce-248

dure was employed to identify the combination of environ-249

mental variables that best explained the abundance and 250

distribution of the phytoplankton community. For the anal- 251

ysis, fourth-root-transformed datawas used for both biotic 252

and abiotic variables. Bray-Curtis similarity matrix was 253

used for the biotic variables, whereas Euclidean distance 254

similarity matrix was used for the abiotic variables and 255

none of the variables were normalized. In addition, redun- 256

dancy analysis (RDA) was performed using chlorophyll a 257

and the abundances of different phytoplankton groups 258

as response variables, whereas environmental variables 259

were used as explanatory factors (temperature, salinity, 260

SPM, and nutrients). The loge-transformed data were used 261

for the analysis. Biodiversity indices were also calculated 262

to gain a deeper insight into phytoplankton distribution 263

patterns and community structure. All multivariate and 264

ecological analyses, including ANOSIM, BIO-ENV, and RDA, 265

were carried out using PRIMER 7 software. 266

3. Results 267

3.1 Temperature salinity 268

Temperature measurements taken during the study did 269

not display any significant spatial variation, as all readings 270

were takenwithin a 2-hour timeframe. However, therewas 271

noticeable variation over time, with August (33.4± 0.17°C) 272

being the warmest month and February (26.2±0.14°C) 273

being the coldest (Figure 2a). In contrast, the study found 274

minimal temporal variation in salinity, with the highest 275

readings (39.4± 0.024) observed in August and the lowest 276

readings (38.7± 0.041) in February (Figure 2b). 277

3.2 Inorganic nutrients and suspended particulate mat- 278

ter 279

Except for the central zone, the nitrate (NO−3 ) values were 280

generally lower throughout the study period. The central 281

zone exhibited higher values, with the highest annual av- 282

erage being reported at station 4A (0.44± 0.22 𝜇mol L−1). 283

In contrast, the northern zone had lower nitrate values, 284

with the lowest annual average recorded at station 2B 285

(0.12±0.22 𝜇mol L−1), compared to the other two zones 286

(Figure 3a). The nitrite values (NO−2 ) did not show any sig- 287

nificant difference between the zones, with station 4A hav- 288

ing a slightly higher annual averageof 0.19± 0.14 𝜇mol L−1 289

(Figure 3b). Throughout the study period, there was a 290

uniform pattern of distribution for ammonia (NH+
4 ), with 291

station 4A recording a comparatively higher annual aver- 292

age value of 0.61±0.38 𝜇mol L−1 (Figure 3c). Like am- 293

monia, phosphate (PO3−4 ) also exhibited constant concen- 294

trations throughout the region, ranging from an annual 295

average of 0.08±0.02 𝜇mol L−1 to 0.15±0.07 𝜇mol L−1 296

(Figure 3c). In the case of silicate (SiO4−4 ) concentrations, 297

the central zone witnessed slightly higher values than the 298

other two zones, with the highest average values reported 299

from station 3B (2.01±0.41 𝜇mol L−1). Station 1B in the 300

northern zone recorded the lowest average silicate values 301

(1.17±0.27 𝜇mol L−1) for the study period (Figure 3e). 302

http://www.marinespecies.org/
http://www.algaebase.org/
https://www.marinespecies.org/hab
https://www.marinespecies.org/hab
https://www.marinespecies.org/hab
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Figure 2. Monthly variations in physical parameters: temperature (A) and salinity (B) observed in the study region.

Boxplots show the interquartile range (25th to 75th percentiles), with the median represented by a horizontal line and

the mean indicated by a black dot. Whiskers extend to the minimum and maximum values within each sector, and error

bars illustrate the variability across stations.

The SPMduring the studyperiod varied between annual av-303

erages of 1.28± 1.71 mg L−1 (4B) and 2.96± 2.25 mg L−1304

with the central and southern zones depicting slightly high-305

er values than the northern zone (Figure 3f). The spa-306

tiotemporal patterns of nutrient ratios revealed pronounc-307

ed seasonal shifts in nutrient balance across the study308

area (Supplementary Table 1). N:P ratios were generally309

moderate during winter and spring (5–10) but declined310

sharply in June–July at several inner stations. In contrast,311

late summer (August–September) showed elevated N:P312

values across many sites, and isolated extreme peaks in313

November and December. Si:N ratios followed a comple-314

mentary seasonal pattern; most stations exhibited low to315

moderate values (1–3) through much of the year, but a316

marked increase occurred in June–July, with several sta-317

tions exceeding Si:N >5–10. Ratios declined again during318

August–September, reaching some of the lowest values319

(<1.5) (Supplementary Table 1).320

3.3 Phytoplankton biomass (chlorophyll a)321

The central zone stations consistently displayed higher322

phytoplankton biomass in terms of chlorophyll a concen-323

trations. The annual average chlorophyll a values for the324

central zone stations varied between 0.55± 0.18 mg m−3
325

(station 3A) and 0.61± 0.30 mg m−3 (station 4A), with the326

highest concentration (1.54 mg m−3) recorded from sta-327

tion 4B during October (Figure 4). The annual average328

chlorophyll a values for the northern zone ranged between329

0.23± 0.12 mg m−3 (station 1A) and 0.32± 0.24 mg m−3
330

(station2A)with thehighest (0.89 mg m−3) beingobserved331

from station 2A in July. The southern zone displayed an332

annual average chlorophyll a values that ranged between333

0.25± 0.14 and 0.34± 0.16 mg m−3 at stations 5A and 6A,334

respectively (Figure 4). The coastal stations showedhigher335

values in most of the occasions than their offshore coun- 336

terpart. 337

3.4 Phytoplankton density 338

3.4.1 Total phytoplankton density 339

The total phytoplankton density for the study period show- 340

ed both spatial and temporal differences. The central zone 341

stationsdisplayed considerable differences inmonthly den- 342

sities in comparison with the other two zones. The peak 343

density in the central zone was observed mainly during 344

the summermonths with the highest density for the entire 345

study period was obtained from station 3A (43,393× 103 346

cells m−3) in July (Figure 5a). The annual average val- 347

ues obtained for the central zone stations ranged between 348

2216±3305×103 and 4681±12265×103 cells m−3 at 349

stations 5A and 3A, respectively. The total phytoplankton 350

densities (annual average) obtained for the northern zone 351

stations ranged between 1359±2489×103 cells m−3 at 352

station 1A and 1929± 4265× 103 cells m−3 at station 2B 353

with the highest density of 14254×103 cells m−3 at sta- 354

tion 2B in July (Figure 5a). Southern zone stations were 355

the least prominent in terms of phytoplankton densities 356

with annual averages ranging between 553±900×103 357

and 899± 1283× 103 cells m−3 at stations 6A and 5B, re- 358

spectively. The highest total phytoplankton density from 359

the southern zone was obtained from station 5B (4369× 360

103 cells m−3) during July (Figure 5a). 361

3.4.2 Centric diatom density 362

Spatially, centric diatoms showed considerable variation. 363

The highest average value for this particular group of di- 364

atoms was observed at station 3A (4209.22± 12360.09× 365

103 cells m−3), followed by station 4A (2077.55± 366

4441.65×103 cells m−3) and 3B (2031.98±4955.45× 367
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Figure 3. Concentrations of inorganic nutrient salts and suspended particulate matter (SPM) recorded during the study

period across various stations. Boxplots display the interquartile range (25th to 75th percentiles), with the median

shown as a horizontal line and the mean indicated by a black dot. Whiskers represent the minimum and maximum

values, and error bars illustrate variability across stations.
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Figure 4. Spatial and temporal variations in chlorophyll a

concentration, across different stations during the study

period. Boxplots display the interquartile range (25th to

75th percentiles), with the median indicated by a hori-

zontal line and the mean shown as a black dot. Whiskers

extend to the minimum and maximum values, and error

bars illustrate variability across stations.

103 cells m−3), all of which are in the central zone of the368

study area (Figure 5b). In contrast, the lowest average369

values were observed at the southern zone stations, such370

as 6B (408.22± 859.49× 103 cells m−3) and 6A (413.87±371

864.37× 103 cells m−3). Temporally, the summer months372

of July (10158.54±11355.39×103 cells m−3) and June373

(4086.36±4035.54×103 cells m−3) showed peak cen-374

tric diatom densities, while May had the lowest average375

(79.68±71.67×103 cells m−3) for the entire study area.376

During the entire study period, the highest density was377

observed at station 3A (43334× 103 cellsm−3) during July,378

and the lowest density was observed at station 3B (2× 103379

cellsm−3) during February (Figure 5b). The centric diatom380

species Proboscia alata (Brightwell) Sundström, 1986,381

made a substantial contribution to both total phytoplank-382

ton density and centric diatom abundance across the study383

area, particularly at the central zone stations (stations 3384

and 4) (Figure 6a). This species exhibited a pronounced385

abundance during June and July, with the highest recorded386

density for the entire study observed at station 3A in July387

(43247× 103 cells m−3), and a corresponding spatial aver-388

ageof 9998± 11,376× 103 cellsm−3. In June, peakdensity389

was observed at station 4A (13062× 103 cells m−3), with390

a spatial average of 3915± 3872× 103 cells m−3.391

3.4.3 Pennate diatom density392

Pennate diatoms also exhibited considerable spatial and393

temporal variations during the study period. Spatially,394

the highest average values were observed at station 4B395

(881.85±1970.85×103 cells m−3) and station 4A396

(492.46±1146.44×103 cells m−3), both of which are lo- 397

cated in the central zone of the study region (Figure 5c). 398

In contrast, the lowest average values were reported at 399

station 2B (29.86± 29.57× 103 cells m−3) in the northern 400

zone, and at station 6B (33.60±29.56×103 cells m−3) 401

in the southern zone. Temporally, the highest abundance 402

was reported in May (1314.42± 1883.85× 103 cells m−3), 403

while the lowest of 14.24± 14.70× 103 cells m−3 was ob- 404

served in April. The highest individual abundance was 405

observed at station 3B (4597.41×103 cells m−3) in May, 406

and these diatoms were absent from many stations dur- 407

ing various periods of the study (Figure 5c). The pennate 408

diatom species Lioloma elongatum (Grunow) Hasle, 1997, 409

emerged as a distinct and dominant taxon during May 410

(Figure 6b). It was the primary contributor to total phy- 411

toplankton abundance in the central zone stations during 412

this period. The species exhibitedpeakdensities of 4.579× 413

103 cells m−3 at station 3B and 4049× 103 cells m−3 at sta- 414

tion 4A, significantly influencing the overall phytoplankton 415

abundance for that month. 416

3.4.4 Dinoflagellate density 417

Similar to diatoms, the presence of dinoflagellates also fluc- 418

tuated in the different months and across various stations. 419

Regarding spatial variation, the highest mean densities 420

were detected at stations 4A (278.89± 322.47× 103 cells 421

m−3) and 2B (255.83±352.63×103 cells m−3), which 422

were only a little bit lower. On the contrary, the minimum 423

occurrenceswere recorded at stations 6A (72.57± 76.77× 424

103 cellsm−3) and 6B (87.57± 67.86× 103 cellsm−3) (Fig- 425

ure 5d). Regarding temporal variation, the maximum num- 426

ber of dinoflagellates was observed in June (481.13± 427

349.93× 103 cells m−3), whereas the minimumwas noted 428

in March (34.44±21.06×103 cells m−3). The maximum 429

density throughout the entire study was recorded in June 430

at station 4A (1246×103 cells m−3), whereas the mini- 431

mumwas observed at station 1A (5.96× 103 cells m−3) in 432

January (Figure 5d). 433

3.4.5 Cyanophyte density 434

The cyanophyte population was the least prevalent phy- 435

toplanktonic community, with significant differences be- 436

tween locations and months of the year. The highest aver- 437

age density was reported in station 2B (280.83± 457.65× 438

103 cells m−3), whereas the lowest was seen in station 2A 439

(36.36± 61.34× 103 cells m−3) (Figure 5e). On a seasonal 440

basis, the highest densities were registered in November 441

(581.29± 408.68× 103 cells m−3), while in March the low- 442

est ones took place (0.57± 1.66× 103 cellsm−3). The peak 443

number (1329× 103 cells m−3) was counted at station 1B 444

in July. This group of phytoplankton was also not captured 445

at many locations and seasons in the study. 446

3.5 Phytoplankton diversity 447

In this study, a total of 284 different phytoplankton species 448

were observed, encompassing four major groups: centric 449
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Figure 5. Surfer plots illustrating the spatiotemporal variations in total phytoplankton density (A) and group-specific

abundances (B–E), including centric diatoms (B), pennate diatoms (C), dinoflagellates (D) , and cyanophytes (E), across

the study region. Colour gradients represent density ranges for each group.
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Figure 6. Distribution patterns of dominant diatom species across the study stations: Proboscia alata (Brightwell)

Sundström, 1986 (A), a centric diatom, during June and July; and Lioloma elongatum (Grunow) Hasle, 1997 (B), a pennate

diatom, during May.

diatoms, pennatediatoms, dinoflagellates, and cyanophytes450

(Supplementary Table 2). Diatoms, combining both centric451

and pennate forms, constituted the most diverse group452

with 150 species, representing approximately 53.3% of453

the total phytoplankton diversity. Centric diatoms alone454

contributed 100 species (35%), while pennate diatoms455

accounted for 50 species (18%). Dinoflagellates were also456

highly diverse, with 132 different species, making up 46%457

of the total diversity. Cyanophytes showed the least repre-458

sentation, with only two species observed (0.7%).459

Among the centric diatoms, the genus Chaetoceroswas460

themost speciose, contributing 34 species. It was followed461

by Rhizosolenia (19 species), Guinardia (4 species), and462

Hemiaulus (4 species) (Figure 7). These four genera collec-463

tively accounted for approximately 62% of the total cen-464

tric diatom species richness. Within the pennate diatom465

category, Pseudo-nitzschiawas the most dominant genus,466

contributing 8 species. Thalassionema and Pleurosigma467

contributed equally, with 4 species each (Figure 7). Collec-468

tively, these three genera comprised 33% of the total pen-469

nate diatom species observed. Dinoflagellates exhibited470

the greatest genus-level diversity, with Tripos contribut-471

ing the highest number of species (37 species). It was472

followed by Protoperidinium (26 species), Dinophysis (11473

species), Prorocentrum (7 species), Phalacroma (6 species),474

and Gonyaulax (5 species) (Figure 7). These six genera475

collectively represented approximately 69% of the total476

dinoflagellate diversity. Trichodesmiumwas the sole rep-477

resentative of the cyanophytes, with two species observed478

in this category (Figure 7).479

3.5.1 Harmful algal bloom-causing species480

Among the identified phytoplankton, 35 species were clas-481

sified as harmful. This group was further divided into 20482

Figure 7. Phytoplankton diversity observed during the

study period, illustrating the total number of species

recorded and highlighting themost common generawithin

each major phytoplankton group from the coastal waters

of Jeddah, Saudi Arabia.

harmful toxic species and 15 nontoxic but harmful species 483

(Table 1). Dinoflagellates predominated the harmful toxic 484

category, featuring genera such as Dinophysis (5 species), 485

Prorocentrum (4 species), Alexandrium, Gonyaulax, Kare- 486

nia, Phalacroma (3 species), and Protoperidinium. Addi- 487

tionally, four species of the diatom genus Pseudo-nitzschia, 488

known producers of the neurotoxin domoic acid, were 489

recorded. The harmful nontoxic group primarily consisted 490

of diatoms, notably four species from the genus Chaeto- 491

ceros, alongside Cerataulina, Eucampia, and four species 492

from Tripos. Dinoflagellates like Gonyaulax polygramma, 493

Noctiluca scintillans, and Protoperidinium depressumwere 494
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Table 1. Harmful phytoplankton species documented in the current study.

Toxic harmful species Non-toxic harmful species

Pseudo-nitzschia australis Frenguelli, 1939 Cerataulina pelagica (Cleve) Hendey, 1937

Pseudo-nitzschia cuspidata (Hasle) Hasle, 1993 Chaetoceros concavicornisMangin, 1917

Pseudo-nitzschia delicatissima (Cleve) Heiden, 1928 Chaetoceros convolutus Castracane, 1886

Pseudo-nitzschia seriata (Cleve) H.Peragallo, 1899 Chaetoceros debilis Cleve, 1894 emend Xu, Y. Li & Lundholm

Alexandrium affine (H. Inoue & Y. Fukuyo) Balech, 1995 in Xu et al., 2020

Alexandrium minutum Halim, 1960 Chaetoceros tenuissimusMeunier, 1913

Alexandrium tamarense (Lebour, 1925) Balech, 1995 Chaetoceros wighamii Brightwell, 1856

Dinophysis acuminata Claparède & Lachmann, 1859 Eucampia zodiacus Ehrenberg, 1839

Dinophysis acuta Ehrenberg, 1839 Gonyaulax polygramma Stein, 1883

Dinophysis caudata Saville-Kent, 1881 Noctiluca scintillans (Macartney) Kofoid & Swezy, 1921

Dinophysis miles Cleve, 1900 Prorocentrum micans Ehrenberg, 1834

Dinophysis tripos Gourret, 1883 Protoperidinium depressum (Bailey, 1854) Balech, 1974

Gonyaulax spinifera (Claparède & Lachmann) Diesing, 1866 Tripos dens (Ostenfeld & Johannes Schmidt) F. Gómez, 2013

Karenia mikimotoi (Miyake & Kominami ex Oda) Gert Hansen Tripos furca (Ehrenberg) F. Gómez, 2013

& Moestrup, 2000 Tripos fusus (Ehrenberg) F. Gómez 2013

Phalacroma mitra F. Schütt, 1895 Tripos lineatus (Ehrenberg) F. Gómez, 2013

Phalacroma rotundatum (Claparéde & Lachmann) Kofoid & Michener, 1911

Prorocentrum cordatum (Ostenfeld) J.D. Dodge, 1976

Prorocentrum lima (Ehrenberg) F. Stein, 1878

Prorocentrum mexicanum Osorio-Tafall, 1942

Protoceratium reticulatum (Claparède & Lachmann) Bütschli, 1885

also observed within this nontoxic but harmful classifica-495

tion (Table 1).496

3.6 Statistical analysis497

3.6.1 Pearson’s coefficient of correlation (𝑟)498

Pearson’s coefficient of correlation (𝑟) analysis between499

variousphysiochemical andbiological parameters revealed500

several significant relationships (Figure 8). Chlorophyll a501

concentrations showed a positive correlation with total502

phytoplankton density (𝑟  =  0.401, 𝑝 < 0.01). It also ex-503

hibited significant positive correlations with silicate con-504

centrations (𝑟  =  0.253, 𝑝 <  0.01) and temperature (𝑟  =505

 0.194, 𝑝 < 0.05). Similar to chlorophyll a, both total phy-506

toplankton density and centric diatom density displayed507

significant positive correlations with silicates, with corre-508

lation coefficients of 𝑟 =  0.269 (𝑝 <  0.01) and 𝑟  =  0.273509

(𝑝 <  0.01), respectively. The inorganic phosphate also510

showed significant positive relationships with total phy-511

toplankton density (𝑟  =  0.207, 𝑝 <  0.01) and centric di-512

atom density (𝑟  =  0.217, 𝑝 <  0.01). Interestingly, ammo-513

nia demonstrated a significant negative correlation with514

total phytoplankton density (𝑟  =  −0.262, 𝑝 <  0.01), cen-515

tric diatom density (𝑟  =  −0.250, 𝑝 <  0.01), and dinoflag-516

ellate density (𝑟  =  −0.249, 𝑝 <  0.05) (Figure 8).517

3.6.2 One-way ANOVA518

One-way ANOVA results indicated that most abiotic and519

biotic parameters exhibited significant temporal variation520

over the study period (Supplementary Table 3). Among521

the physical parameters, salinity and temperature showed522

highly significant monthly variation (𝑝 < 0.001), whereas523

their spatial variation was not statistically significant524

(𝑝 > 0.05). Within the inorganic nutrients, nitrite dis-525

played highly significant variation both spatially and tem-526

porally (𝑝 < 0.001). Ammonia varied significantly across527

months (𝑝 < 0.001) but showed no significant spatial vari- 528

ation. In contrast, nitrate showed strong spatial variation 529

(𝑝 < 0.001) and moderate temporal variation (𝑝 < 0.01). 530

Phosphate concentrations varied significantly across 531

months (𝑝 < 0.001), while silicates exhibited significant 532

variation among stations (𝑝 < 0.001). Phytoplankton bio- 533

mass, represented by chlorophyll a, showed significant 534

variation both spatially (𝑝 < 0.001) and temporally (𝑝 < 535

0.05). Similarly, total phytoplankton density and the den- 536

sities of various phytoplankton groups showed significant 537

temporal variation (𝑝 < 0.001), whereas spatial differ- 538

ences were not statistically significant (𝑝 >  0.05). 539

3.6.3 One-way ANOSIM (β-diversity) 540

One-way ANOSIM analysis revealed that the phytoplank- 541

ton community structure across the six transects was sig- 542

nificantly different during most months (Supplementary 543

Table 4). Spatial variation in community composition was 544

most pronounced in January and May (𝑝  =  0.001), indi- 545

cating strong differentiation among transects during these 546

periods. In contrast, the least spatial variation was ob- 547

served in April (𝑝  =  0.084) and July (𝑝  =  0.432), sug- 548

gesting a more homogeneous phytoplankton distribution 549

during these months. Supplementary Table 5a–b provides 550

detailed results of the pairwise test for each month. 551

3.6.4 t-test analysis 552

Since phytoplankton biomass and the abundance of most 553

phytoplankton groups were markedly higher at stations 3 554

and 4, the variability in abiotic factors between these and 555

the other stations was examined through a t-test. Among 556

the physical variables, salinity and temperature did not 557

show any significant differences (Supplementary Table 6). 558

Similarly, SPM showed no significant variation between 559

the two station groups. Interestingly, with the exception of 560
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Figure 8. Pearson’s correlation coefficients (r) matrix between biotic and abiotic parameters observed in the

study. (TD=Total density, CD= centric diatom density, PD=Pennate diatom density, DD=Dinoflagellate density,

CyD= cyanophyte density).

ammonia, all other nutrients – nitrate (𝑝 < 0.0001), nitrite561

(𝑝 =  0.0039), phosphate (𝑝 =  0.0318), and silicate (𝑝 <562

0.0001) – showed significant differences between stations563

3 and 4 and the other stations.564

3.6.5 BIO-ENV analysis565

The results of the BIO-ENV analysis indicated that the com-566

bination of nitrate, ammonia, phosphate, silicate, and SPM567

formed themost influential set of environmental variables,568

showing the highest correlation (𝑟  =  0.993) with the vari-569

ability in phytoplankton community abundance (Supple-570

mentary Table 7). The second-best explanatory combi-571

nation included SPM, nitrate, nitrite, ammonia, and phos-572

phate, also demonstrating a strong association with the573

observed community patterns. The RDA triplot illustrated574

the environmental preferences of different phytoplankton575

groups (Figure 9). The first two axes explained 76.3% and576

12.1% of variance. Phytoplankton biomass (chlorophyll a),577

total density, and the densities of centric diatoms, dinoflag-578

ellates, and cyanophytes were positively correlated with579

SPM, silicate, salinity, and phosphorus. In contrast, pen-580

nate diatom density showed a positive correlation with581

ammonia, nitrate, and nitrite (Figure 9).582

3.6.6 Biodiversity indices583

Phytoplankton diversity, evaluated using species number584

(𝑆), Margalef’s richness index (𝐷), Pielou’s evenness (𝐽′),585

and Shannon-Weiner diversity index (𝐻′), showed distinct586

spatial patterns across the study area (Figure 10a–d). In587

Figure 9. Redundancy Analysis (RDA) triplot illustrat-

ing the relationships between response variables (blue

arrows) and explanatory variables (red arrows).

the northern zone (stations 1 and 2), species numbers 588

ranged from 27.6 to 31.8, with relatively low richness val- 589
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Figure 10. Variation in phytoplankton diversity metrics across sampling stations. (A) Species number, (B) Margalef’s

Richness Index, (C) Pielou’s Evenness Index, and (D) Shannon-Wiener Diversity Index. Boxplots show the interquartile

range (25th–75th percentiles); the horizontal line indicates the median, black dots represent the mean, and whiskers

extend to the minimum and maximum values.

ues (𝐷  =  2.19–2.58) and moderate evenness (𝐽′ up to590

0.81), resulting in Shannon diversity values between 2.3591

and 2.5. The central zone (stations 3 and 4) exhibited592

a wider range of variability: While stations 4A and 4B593

recorded the highest species counts (38.1 and 38.9, respec-594

tively) and richness values above 3.0, station 3B showed595

the lowest diversity across all indices, including 𝑆  =  26.8,596

𝐷  =  2.20, 𝐽′  =  0.53, and 𝐻′  =  1.20. These central sta-597

tions also demonstrated strong temporal fluctuations, with598

particularly low evenness during June and July. In con-599

trast, the southern zone (stations 5 and 6) had consistently600

higher andmore stable diversitymetrics. Species numbers601

exceeded 32 at all stations, with 𝐷 values around 2.9–3.1,602

high evenness (𝐽′ ≥ 0.83 at stations 6A and 6B), and the603

highest Shannon index recorded at station 6A (𝐻′  =  3.19)604

(Figure 10a–d).605

4. Discussion 606

This study explored the seasonal and spatial variations 607

of phytoplankton communities in Jeddah’s coastal waters, 608

highlighting significant changes in species composition 609

and abundance across different regions and time frames. 610

Notably, anthropogenic influences emerged as a key driver 611

shaping phytoplankton dynamics, particularly in the cen- 612

tral region of the study area. This zone, characterized by 613

substantial human activity – including inputs from desali- 614

nation plants, sewage discharge, and other coastal devel- 615

opments – exhibited pronounced alterations in community 616

structure and elevated phytoplankton proliferation. We ac- 617

knowledge the mesh-size bias associated with the 20-𝜇m 618

net, which selectively samples microphytoplankton while 619

largely excluding pico- and nanophytoplankton. Given that 620

the oligotrophic Red Sea is characteristically dominated by 621
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picophytoplankton, the present dataset reflects only the622

microphytoplankton fraction of the community. Accord-623

ingly, all interpretations are made at the microphytoplank-624

ton group level, with this methodological limitation taken625

into account.626

The physical parameters recorded in the study area627

largely followed the typical patterns characteristic of the628

central Red Sea and were consistent with previous obser-629

vations reported for the coastal waters of Jeddah (Aziz et630

al., 2011; Al-Amri et al., 2020; El-Sherbiny et al., 2021).631

Salinity revealed minimal variation across the different632

sampling stations, with only slight temporal fluctuations633

observed between months. This consistency suggests a634

lack of significant external freshwater inputs capable of635

altering the prevailing salinity regime in the study area636

(Sofianos et al., 2002). In the present study, salinity ex-637

erted minimal influence on phytoplankton abundance and638

diversity, likely due to the long-term adaptation of native639

species to the naturally high-salinity conditions of the Red640

Sea, as previously noted by Devassy et al. (2017). As the641

region is characterized by naturally elevated and relatively642

stable salinity levels, the resident phytoplankton commu-643

nities are well acclimated, exhibiting resilience to minor644

fluctuationswithin this salinity range (Al-Amri et al., 2020).645

In contrast to salinity, temperature exhibited significant646

temporal variation throughout the study period and had647

a notable impact on phytoplankton dynamics. A positive648

correlation was observed between temperature and phy-649

toplankton biomass (as chlorophyll a). This relationship650

suggests that, when other environmental conditions – par-651

ticularly the availability of inorganic nutrients – are fa-652

vorable, temperature plays a key role in regulating phy-653

toplankton proliferation in the Red Sea. Similar findings654

were reported by Devassy et al. (2017) in the northern Red655

Sea. This effect was especially pronounced in the central656

zone of the study area, where elevated levels of inorganic657

nutrients coincided with increased phytoplankton abun-658

dance and biomass. Previous studies in the Red Sea have659

also highlighted the importance of favorable temperature660

conditions in supporting the successful proliferation of661

phytoplankton, particularly diatoms (Al-Amri et al., 2020;662

El-Sherbiny et al., 2021). The observed phytoplankton663

proliferation, particularly in the central zone where an-664

thropogenic pressures are most evident, underscores the665

critical influence of multiple environmental parameters in666

regulating phytoplankton growth in the Red Sea.667

Inorganic nutrients exhibited low concentrations668

throughout most of the region, with the exception of the669

central zone, where elevated levels suggest localized en-670

richment resulting from sustained anthropogenic influ-671

ences (Peña-Garcı́a et al., 2014; Peña-Garcı́a, 2022). The672

observed significant positive correlation between phos-673

phate levels and total phytoplankton abundance highlights674

the importance of phosphorus as a limiting nutrient, rein-675

forcing its key role in regulating primary productivity in676

the studied coastal waters (Fahmy, 2003; Al-Farawati et al., 677

2008). The central zone exhibited significantly higher con- 678

centrations of nitrates and silicates compared to the north- 679

ern and southern stations indicating statistically mean- 680

ingful spatial differences in nutrient distribution. This lo- 681

calized nutrient enrichment strongly indicates the persis- 682

tent influence of anthropogenic activities, such as domes- 683

tic wastewater discharge, industrial effluents, and coastal 684

development (Al-Farawati et al., 2018; Peña-Garcı́a et al., 685

2014). In contrast, the relatively low nutrient levels in 686

other zones reflect more oligotrophic conditions, typical 687

of the Red Sea. The spatial disparity in nutrient availability 688

suggests that human-induced inputs are a key driver of bio- 689

geochemical variability in the central region, potentially al- 690

tering phytoplankton dynamics and ecosystem functioning. 691

This particular region, along with several nearby coastal 692

lagoons such as Al-Arbaeen and Al-Shabab, has histori- 693

cally received substantial nutrient inputs (Ba-Akdah et al., 694

2008; El Sayed et al., 2011). Over the past two decades, the 695

rate of nutrient loading has increased significantly, lead- 696

ing to the development of severe eutrophication problems 697

(El Sayed, 2002; Ewea, 2010; Turki and Mudarris, 2008). 698

Recent studies have documented eutrophication in these 699

lagoons, highlighting the detrimental impacts of excessive 700

nutrient enrichment (Ghandourah et al., 2023; Orif et al., 701

2023). As a result, the surrounding coastal ecosystems 702

have been increasingly degraded, with notable shifts in 703

water quality, biological productivity, and ecological bal- 704

ance (El-Sherbiny et al., 2021; Peña-Garcı́a, 2022). The 705

central zone in the present study encompasses a densely 706

populated urban area, characterized by substantial sewage 707

discharge and the operation of a desalination plant (Peña- 708

Garcı́a et al., 2014; Cai et al., 2024). These factors likely con- 709

tribute to the continuous input of nutrients into the coastal 710

waters, leading to localized enrichment and influencing 711

the observed patterns of phytoplankton proliferation in 712

the current study. Discharge rates are likely higher during 713

the summer months (Mudarris and Turki, 2006), which, 714

when combined with favorable temperature conditions, 715

may have contributed to the observed phytoplankton pro- 716

liferation during this period. Currently, the influence of 717

such discharges, particularly in the central zone extends 718

up to 4 km from the shore, as evidenced by their impact 719

on the offshore stations studied. This offshore dispersal 720

of nutrient-rich effluents poses a significant risk to the 721

broader marine ecosystem, potentially leading to shifts 722

in community structure, oxygen depletion, and long-term 723

degradation of water quality (Ansari et al., 2011; Dorgham, 724

2014). In contrast to the northern and southern zones, 725

the central zone displays a distinct nutrient–phytoplank- 726

ton interaction pattern, likely driven by consistent anthro- 727

pogenic inputs and localized environmental conditions. 728

Statistical analysis (t-test) of the central zone stations in- 729

dicated that, with the exception of ammonia, all measured 730

nutrients – particularly nitrates, phosphates, and silicates – 731
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exhibited significant positive correlationswith phytoplank-732

ton abundance (𝑝 < 0.05). This suggests that phytoplank-733

ton proliferation in this zone is closely linked to nutrient734

availability. Although currently observed as a localizedphe-735

nomenon, the sustained nutrient enrichment possesses736

the potential to escalate, leading to broader eutrophica-737

tion of the coastal system and increasing the risk of HAB738

outbreaks (Smayda, 2008; Glibert et al., 2018). Similar739

events have previously been reported in the coastal wa-740

ters of Jeddah (Al-Aidaroos et al., 2019) underscoring the741

vulnerability of the region to such ecological disturbances.742

The northern zone, characterized by minimal human activ-743

ity and the absence of external inputs, continues to serve744

as a reference site representing relatively pristine environ-745

mental conditions in the region. In contrast, the southern746

zone – despite the presence of potential sources of an-747

thropogenic input such as an international seaport and a748

sewage treatment plant – did not exhibit nutrient levels749

comparable to those of the central zone. This discrepancy750

may be attributed to the prevailing hydrodynamic con-751

ditions in the southern region, which likely facilitate the752

dispersion or dilution of nutrient inputs (Basaham et al.,753

2009; Al-Barakati et al., 2011). The current-driven flushing754

could either mitigate the localized impact or transport the755

effluents away from the sampling area, thereby reducing756

their influence on observed nutrient concentrations and bi-757

ological responses. In the current study, the variability ob-758

served in N:P and Si:N ratios further supports the influence759

of localized anthropogenic nutrient enrichment in shaping760

phytoplankton dynamics, particularly in the central zone761

where sustained inputs alter the natural stoichiometric bal-762

ance. These shifts in nutrient ratios indicate modified nu-763

trient limitation patterns – periodically intensifying P or Si764

stress – whichmay reinforce the risk of phytoplankton pro-765

liferation and ecosystem imbalance already documented766

for this heavily impacted region. Phytoplankton biomass767

(as chlorophyll a) exhibited a similar spatial pattern to that768

of nutrient distribution across the study area. Except for769

the central zone stations, chlorophyll a levels remained rel-770

atively low, reflecting the oligotrophic characteristics of the771

RedSea (Kürten et al. 2015; Kheireddine et al., 2017, 2021).772

In contrast, the central zone recorded significantly elevated773

chlorophyll a concentrations compared to the northern774

and southern zones, indicating a nutrient-enriched envi-775

ronment that supports enhanced phytoplankton growth776

and proliferation. This pattern aligns with observations777

from the limited number of studies (Khomayis, 2002; Al-778

Amri et al., 2020; El-Sherbiny et al., 2021) conducted in ar-779

eas adjacent to the current study stations, which similarly780

reported higher phytoplankton productivity in response781

to localized nutrient enrichment. Statistical analyses re-782

vealed that spatial variation was more pronounced than783

temporal variation, highlighting the influence of localized784

nutrient enrichment in the study area. In the present study,785

chlorophyll a concentrations showed a significant positive786

correlation with temperature (𝑝 < 0.05), underscoring the 787

role of ambient temperature in facilitating phytoplankton 788

proliferation in the Red Sea. This relationship was particu- 789

larly evident in the central zone, where chlorophyll a levels 790

peaked during the summer months, suggesting that ele- 791

vated temperatures, in combinationwith nutrient availabil- 792

ity, create favorable conditions for phytoplankton growth. 793

These findings are consistent with previous observations 794

of summer-associated chlorophyll increases in various 795

coastal regions of the Red Sea (Acker et al., 2008; Racault 796

et al., 2015; Devassy et al., 2017), including the waters 797

of Jeddah (Khomayis, 2002; El-Sherbiny et al., 2021). Ad- 798

ditionally, Al-Amri et al. (2020) reported eutrophic-level 799

chlorophyll a concentrations in several coastal lagoons 800

within the region, indicating the recurrent nature of such 801

events and reinforcing the susceptibility of these areas to 802

nutrient-driven phytoplankton blooms. 803

Total phytoplankton abundance exhibited significant 804

spatial and seasonal variability. Seasonal differences were 805

more pronounced during the summermonths (𝑝 < 0.001), 806

particularly at the central zone stations. Although summer 807

phytoplankton dominance was observed across all zones, 808

the magnitude of proliferation in the central zone stations 809

was particularly pronounced, representing the most dis- 810

tinct feature of the current study. Such temperature-driven 811

phytoplankton proliferation, when supported by adequate 812

nutrient availability, has been well documented in the 813

coastal waters of the northern Red Sea by Devassy et al. 814

(2017). Al-Amri et al. (2020) also reported a similar sum- 815

mer proliferation of phytoplankton in the coastal waters 816

of Jeddah, particularly within several lagoon systems, high- 817

lighting the seasonal response of phytoplankton to ele- 818

vated temperatures and nutrient availability. Outside the 819

May–July period, phytoplankton abundance at the central 820

zone stations was considerably lower, further suggesting a 821

seasonal preference among dominant Red Sea phytoplank- 822

ton for the summer months, when environmental condi- 823

tions are more suitable for successful flourishing. The ele- 824

vated phytoplankton abundance during this periodmay be 825

attributed either to intensified anthropogenic inputs or to 826

limited dispersion of these inputs due to prevailing hydro- 827

dynamic conditions (Al-Farawati et al., 2008; Peña-Garcı́a, 828

2022; Peña-Garcı́a et al., 2014). Further investigation is 829

warranted to determine why nutrient enrichment appears 830

to predominantly affect the central zone stations. It re- 831

mains unclear whether this localized response is driven 832

by unique hydrodynamic features – such as current cir- 833

culation or wave patterns – that facilitate the retention 834

and concentration of inorganic nutrients within this zone, 835

thereby creating a more favorable environment for sus- 836

tained phytoplankton proliferation. Collectively, the find- 837

ings from previous studies, together with the results of the 838

present investigation, underscore the susceptibility of Red 839

Sea coastal regions to phytoplankton dominance under 840

favorable environmental conditions, particularly during 841
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periods of elevated temperature and nutrient enrichment.842

As observed in the current study, a pronounced surge843

in diatom abundance during May–July at the central zone844

stations was primarily driven by the dominance of two845

species: the centric diatom P. alata and the pennate di-846

atom L. elongatum. Proboscia alata exhibited continuous847

dominance over a 2-month period (June–July), reflecting848

its adaptation to the oligotrophic, warm waters of the Red849

Sea and supporting its classification as a native species850

of this region. Its dominance in other coastal areas of the851

Red Sea has been well documented, notably by Devassy et852

al. (2017), from the Al-Wajh region in the northern Red853

Sea. This evidence collectively confirms P. alata as an in-854

digenous species with a strong capacity to thrive under855

the Red Sea’s challenging environmental conditions (Post856

et al., 2002; Kürten et al., 2015). Further experimental857

studies examining the response of P. alata to increasing858

water temperatures would be valuable, as this species may859

serve as a key indicator or dominant phytoplankton taxon860

under future global warming scenarios. Its demonstrated861

resilience suggests it could potentially thrive and dominate862

in progressively warmer ocean conditions. The relative ab-863

sence or lower abundance of P. alata during other months864

and at different stations suggests that this species can per-865

sist under unfavorable conditions and subsequently prolif-866

erate when environmental conditions become favorable.867

Whether its dominance exerts beneficial or detrimental868

effects on the coastal ecosystem can only be determined869

through continuous and long-term monitoring of the Red870

Sea’s coastal waters. Centric diatom dominance within871

the phytoplankton community is a common feature in the872

coastal waters, as reported by Al-Amri et al. (2020) in their873

studies of two coastal lagoons in Jeddah. Their findings874

highlighted Skeletonema costatum and Chaetoceros decip-875

iens as the dominant centric diatom species, further sup-876

porting the prevalence of centric taxa in nutrient-enriched,877

nearshore environments. The pennate diatom L. elonga-878

tum exhibited notable dominance during May, particularly879

across stations within the central zone. This indicates that880

pennate diatoms, like their centric counterparts, are capa-881

ble of thriving under favorable environmental conditions.882

Similar patterns of pennate diatom dominance have been883

previously reported in the coastal waters of the Red Sea884

by Devassy et al. (2017) and El-Sherbiny et al. (2021),885

further supporting their ecological relevance and adaptive886

success in this region. Dinoflagellates exhibited a relatively887

uniform distribution in terms of abundance throughout888

the study period, reflecting a typical characteristic of the889

Red Sea phytoplankton community (Ismael, 2015; Kürten890

et al., 2015; Devassy et al., 2017). No distinct prolifera-891

tion events involving this group were observed, and their892

stable presence suggests that dinoflagellates maintain a893

consistent, background role in the region’s coastal ecosys-894

tem under the prevailing environmental conditions (Al-895

Amri et al., 2020; El-Sherbiny et al., 2021). In contrast896

to earlier studies, cyanophyte abundance was relatively 897

low in the present investigation. Although the filamentous 898

cyanobacterium Trichodesmium erythraeum is known to 899

proliferate during the summer months and often forms 900

extensive bloom patches across the Red Sea, its occurrence 901

in this study was limited to low concentrations, even dur- 902

ing peak summer conditions. This reduced presence may 903

be attributed to the proximity of the sampling stations 904

to the coastal zone, as Trichodesmium is more commonly 905

observed forming surface aggregations in offshore, open- 906

water environments rather than nearshore areas (Post et 907

al., 2002). 908

The phytoplankton community in the present study 909

was dominated by diatoms, followed closely by dinoflagel- 910

lates, which reflects the typical structure of Red Seamarine 911

ecosystems (Ismael, 2015; Kürten et al., 2015; Devassy et 912

al., 2017). In terms of abundance, diatoms consistently out- 913

numbereddinoflagellates; however,with respect to species 914

diversity, both groups exhibited comparable richness. In 915

the study of Devassy et al. (2017), dinoflagellates even 916

surpassed diatoms in diversity, highlighting the ecologi- 917

cal complexity and variability within the phytoplankton 918

community of the Red Sea. The Red Sea is traditionally 919

recognized for its high biodiversity across various aquatic 920

organisms (DiBattista et al., 2016), and the findings of the 921

present study further substantiate this by revealing sig- 922

nificant diversity within the phytoplankton community 923

composition. Within the centric diatom community of the 924

Red Sea, the genera Chaetoceros and Rhizosolenia are rec- 925

ognized as key contributors (Ismael, 2015; Kürten et al., 926

2015; Devassy et al., 2017), a pattern that was also evident 927

in the present study. These genera were consistently dom- 928

inant across stations, aligning with findings from previous 929

research in the region (Al-Amri et al., 2020; El-Sherbiny 930

et al., 2021). Their prevalence can be attributed to their 931

notable adaptive capacity, enabling them to thrive under 932

the extreme environmental conditions characteristic of 933

the Red Sea, including high salinity and temperature. This 934

ecological resilience supports their status as well-adapted 935

and regionally established taxa. The Red Sea is increas- 936

ingly regarded as a natural laboratory for studying future 937

oceanic conditions under global warming scenarios, due to 938

its inherently high temperatures, salinity, and oligotrophic 939

nature (Berumen et al., 2019). In this context, the domi- 940

nant and resilient phytoplankton species identified in this 941

study, such as those from the genera Chaetoceros and Rhi- 942

zosolenia, may serve as potential contributors to future 943

global ocean productivity, given their demonstrated ca- 944

pacity to thrive under extreme environmental conditions. 945

Pseudo-nitzschia emerged as a prominent representative of 946

the pennate diatom group in the present study. This genus 947

warrants particular attention, as several of its species are 948

known to form HABs and produce domoic acid, a neuro- 949

toxin of concern for marine food webs and human health. 950

Notably, a recent HAB event in the Jeddah region was at- 951
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tributed to this genus (Al-Aidaroos et al., 2019), under-952

scoring the need for continued monitoring and species-953

level identification to assess potential ecological and pub-954

lic health risks associated with Pseudo-nitzschia blooms in955

the Red Sea. Interestingly, none of the traditionally diverse956

diatom genera – such as Chaetoceros and Rhizosolenia –957

were responsible for the significant summer phytoplank-958

ton proliferation observed in the central zone stations. In-959

stead, the bloom was dominated by two less commonly960

reported species: P. alata and L. elongatum. This highlights961

the importance of localized environmental conditions in962

shaping community composition and suggests that even963

highly diverse genera may not dominate under certain eco-964

logical scenarios. Although a previous study (Al-Amri et al.,965

2020) from the Jeddah region reported bloom-like events966

associated with Chaetoceros, the present findings empha-967

size that bloom formation in the Red Sea is not exclusively968

linked to the most diverse or historically dominant gen-969

era. The dinoflagellate genera Tripos and Protoperidinium970

constituted the majority of dinoflagellate diversity in the971

present study. These genera have long been recognized972

as dominant components of the Red Sea phytoplankton973

community, as documented in earlier studies (Kürten et al.,974

2015; Devassy et al., 2017; Al-Amri et al., 2020; El-Sherbiny975

et al., 2021). Their continued prevalence highlights their976

ecological adaptability and preference for the Red Sea’s977

high-salinity, oligotrophic conditions. Although Tripos and978

Protoperidinium contributed significantly to dinoflagellate979

diversity, neither genus exhibited any notable prolifera-980

tion during the study period. This further substantiates981

the characterization of the Red Sea as a diatom-dominated982

ecosystem, where dinoflagellates, while diverse, typically983

play a secondary role in terms of biomass and abundance984

(Kürten et al., 2015; Devassy et al., 2017). Cyanophytes,985

as expected, were represented by only two species and986

are considered endemic to the Red Sea, reflecting their987

adaptation to the region’s unique environmental condi-988

tions (Post et al., 2002). Phytoplankton diversity, richness,989

and evenness showed clear spatial and temporal varia-990

tion across the studied stations. Central and southern sta-991

tions generally exhibited higher species diversity andmore992

balanced community structures, particularly during the993

spring months, suggesting that the central region is eco-994

logically distinct. This uniqueness is likely attributed to995

the availability of inorganic nutrient inputs, which support996

both elevated phytoplankton abundance and diversity. In997

contrast, lower diversity and evenness in some central998

stations suggest localized environmental stresses or dom-999

inance by a few taxa during certain periods. A few fresh-1000

water and brackish diatom taxa (e.g., Asterionella formosa,1001

Aulacoseira granulate and Fragilaria spp.) were recorded1002

in isolated samples. Their occurrence is considered al-1003

lochthonous, most likely introduced episodically through1004

sewage runoff, stormwater input, or land-based discharge1005

into the study area. These taxa were present in very low1006

abundance and did not influence the overall community 1007

structure, but their presence indicates occasional terres- 1008

trial influxes that may transport nonmarine microflora 1009

into the coastal system. Such incidental records are consis- 1010

tent with similar observations in nearshore environments 1011

subjected to variable anthropogenic inputs (Al-Amri et al., 1012

2020; El-Sherbiny et al., 2021). 1013

The occurrence of 40 HAB-forming phytoplankton 1014

species – comprising approximately 14% of the total com- 1015

munity – raises a significant ecological concern for the 1016

region, aligning with previous findings from other parts of 1017

the Red Sea (Kürten et al., 2015; Devassy et al., 2017; Al- 1018

Amri et al., 2020; El-Sherbiny et al., 2021), and highlighting 1019

the growing risk of HAB events in this vulnerable coastal 1020

ecosystem. Notably, 21 of these species are known to be po- 1021

tentially toxic, underscoring the increasing risk to marine 1022

ecosystems and public health. These findings suggest that 1023

the traditionally oligotrophic nature of the Red Sea, par- 1024

ticularly in its coastal regions, may be undergoing notable 1025

shifts, likely driven by localized anthropogenic pressures. 1026

Such nutrient enrichment can trigger coastal phytoplank- 1027

ton blooms, which, while indicative of elevated productiv- 1028

ity, may also pose ecological risks by disrupting the nat- 1029

ural balance of the ecosystem (Banguera-Hinestroza et 1030

al., 2016), thereby underscoring the importance of regu- 1031

lar monitoring and the implementation of early warning 1032

systems (Gokul et al., 2020) to mitigate potential environ- 1033

mental impacts. Similar observations have beenpreviously 1034

reported in the Red Sea, with studies by Al-Aidaroos et al. 1035

(2019) documenting a significant bloom of P. delicatissima 1036

in the coastal waters of Jeddah, further highlighting the 1037

region’s vulnerability to HAB events. The presence of this 1038

potentially harmful species in the current study as well 1039

suggests that P. delicatissimamay now be a regular com- 1040

ponent of the Red Sea phytoplankton community, likely 1041

sustained by changing environmental conditions. There- 1042

fore, continuous monitoring of coastal waters is essential 1043

for assessing and managing the health of marine ecosys- 1044

tems, particularly the ecologically sensitive and globally 1045

significant coral reef systems of the Red Sea. 1046
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