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Phytoplankton are key indicators of marine ecosystem health and drivers of biogeochemical processes, yet their seasonal patterns in the southern Arabian Gulf are insufficiently understood. This study investigates inter-seasonal variability in phytoplankton composition and abundance along the coast of the United Arab Emirates (UAE), focusing on waters surrounding the region’s largest oyster beds. Surface samples were collected at nine sites during four seasons between 2020 and 2022. Phytoplankton dynamics were analyzed together with water chemistry parameters using multivariate techniques, i.e. Detrended Correspondence Analysis (DCA) and Canonical Correspondence Analysis (CCA). A non-parametric Bray-Curtis dissimilarity analysis with PERMANOVA was also used to analyze seasonal differences in the phytoplankton abundance and composition and it confirmed DCA findings on clear community changes between January and June. Results revealed distinct seasonal assemblages: cyanobacteria prevailed during warmer months (May–June), while diatoms and cryptophytes dominated in cooler periods (November–January). Spatial differences in composition were evident, even between nearby locations, and likely reflect the influence of localized anthropogenic pressures and environmental gradients. Temperature, dissolved oxygen, chemical oxygen demand (COD), and oxidation-reduction potential (ORP) were identified as the principal environmental drivers, jointly explaining about 30% of phytoplankton variation. The unexplained variance in the phytoplankton data may be attributed to the impact of unmeasured water chemistry variables such as Si and toxic pollutant influx together with ecological variables, e.g. zooplankton grazing. Several potentially harmful taxa including dinoflagellates Scrippsiella spp., Heterocapsa spp., and Blixaea quinquecornis, were detected albeit at low abundances. At the same time, a potentially toxic diatom group Pseudo-nitzschia spp. occurred between November and May at considerably higher concentrations, which are comparable with the European bloom threshold levels although no actual harmful algal blooms (HABs) were observed. This study contributes to understanding phytoplankton ecology in the Gulf coastal waters and highlights the need for long-term monitoring supporting sustainable marine resource management under growing environmental and climatic stressors.
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1 Introduction

In the ocean and climate systems, phytoplankton plays a crucial role by forming a base of the food chain and providing organic matter for marine life (King, 2012), supporting biogeochemical cycles including recycling CO2(Allen et al., 2005; Watson et al., 1991) and reducing possible ocean acidification (d’Ovidio et al., 2010).

Marine phytoplankton comprises several groups of unicellular photosynthetic microscopic algae, of which the prokaryotic cyanobacteria and eukaryotic diatoms, dinoflagellates, and phytoflagellates are the most abundant (Falkowski, 2012). The distribution and abundance of phytoplankton groups in the ocean largely depends on the biogenic elements, which become available to microalgae through ocean currents and water circulation, mixing processes, and human impact (Bonachela et al., 2011; Zeitzschel, 1978). Climate is one of the factors that strongly influences the oceanic hydrological processes, and therefore also controls seasonal changes in phytoplankton cycles, e.g. timing and duration of phytoplankton blooms (Demarcq et al., 2012; Longhurst, 1993, Longhurst, 1995; Nezlin et al., 2010).

In recent years, seasonal phytoplankton dynamics data were often derived through remote sensing (Demarcq et al., 2012; Longhurst, 1995; Nezlin et al., 2010; Polikarpov et al., 2019). However, these are usually large-scale data which often lack regional-scale information, in particular, regarding tropical oceans (e.g., Demarcq et al., 2012).

In this study, we analyzed seasonal phytoplankton dynamics in the coastal area of the Arabian Gulf and referred to hereafter as ‘the Gulf’. The Gulf is a shallow semi-open marginal sea of the northern Indian Ocean with extremely high levels of conductivity, salinity and temperature and UV exposure, which makes it especially vulnerable to climate and anthropogenic changes (e.g., Al-Yamani et al., 2024; Samara et al., 2023; Sheppard et al., 2010). Rapid economic development in the recent decades has put additional pressure on some coastal ecosystems in the Gulf (e.g., Al-Yamani et al., 2021; El Gammal et al., 2017; Naser, 2013; Subba Rao et al., 1999; Wabnitz et al., 2018).

Global climate change, anthropogenically driven nutrient enrichment, and aeolian influence were some of the factors behind frequent red tide events off the Kuwaiti coast (Nezlin et al., 2010; Polikarpov et al., 2020, Polikarpov et al., 2021; Subba Rao et al., 1999). Recently, a wide range of harmful dinoflagellates, flagellates, and toxic diatoms Pseudo-nitzschia spp. were found in Kuwait’s coastal area (Al-Yamani et al., 2012; Al-Yamani and Saburova, 2019a; Al-Yamani and Saburova, 2019b; Polikarpov et al., 2020; Saburova et al., 2022).

It appears that the north-western Gulf experiences higher levels of nutrient enrichment, primarily attributable to the influence of the Shatt Al-Arab River discharge in comparison to the UAE coast (e.g., Al-Yamani et al., 2021; Polikarpov et al., 2016). The only well-documented red-tide event in the UAE took place in 2008–2009 caused by toxic dinoflagellate Margalefidinium (syn. Cochlodinium) polykrikoides, when about 1200 km of coastline was affected and fish and mammal death occurred in the Gulf and the Sea of Oman (e.g., Richlen et al., 2010; Rajan et al., 2021; Zhao and Ghedira, 2014). Recently, high-biomass blooms of the dinoflagellate Blixaea quinquecornis (syn. Protoperidinium quinquecorne) have been observed in association with water discoloration and oxygen depletion in Dubai coastal waters (Murugesan et al., 2021a). As in the case of the Kuwaiti coastal algal blooms, these red-tide events were linked to the nutrient enrichment from the human sources and global climate change (e.g., Polikarpov et al., 2020; Subba Rao et al., 1999).

However, recently the UAE phytoplankton assemblages appear to be more influenced by the algal blooms from the more productive waters and from the northern Arabian Sea (off the coast of Oman and India). There, planktonic diatoms are increasingly being replaced with large dinoflagellate Noctiluca scintillans, which causes winter hypoxic conditions in subsurface waters (Gomes et al., 2014). Noctiluca scintillans bloom was also reported in the Red Sea off the Saudi Arabia coast (Mohamed and Mesaad, 2007) and in January 2017 it bloomed in the coastal waters off Dubai (Murugesan et al., 2017). It is likely that it will continue to spread in the Arabian Gulf in the future and may negatively affect coastal ecosystems, especially the north-eastern part of the UAE coast, which is geographically close to the Sea of Oman. In November-December 2023, fluorescent Noctiluca scintillans was recorded in the Kalba coast, which is adjacent to the Omani border in the north of the UAE by Environment and Protected Areas Authority in Sharjah (pers. comm). In addition, the occurrence of a toxic diatom Pseudo-nitzschia sp. was reported recently in Yas Bay, Abu Dhabi (Rajan et al., 2022) implying that there is an increasing danger of red tides in the UAE coast.

Recently, abundance and distribution of phytoplankton in response to the changes in water quality parameters was studied in the Saudi Arabian coastal area by El Gammal et al. (2017). Diversity and distribution of winter phytoplankton in the Gulf and the adjacent Sea of Oman were investigated by Polikarpov et al. (2016) and along the UAE coast by Samara et al. (2023). The seasonal variation in phytoplankton diversity, composition and abundance in response to various environment parameters was studied in Dubai Creek (Murugesan et al., 2021b). The general productivity trends were investigated using remote sensing tools across the Arabian Gulf and the Sea of Oman (e.g., Abuelgasim and Alhosani, 2014; Al-Azri et al., 2010; Nezlin et al., 2010; Piontkovski et al., 2011; Sarma et al., 2012; Zhao and Ghedira, 2014).

This study contributed to a larger project focused on the ecological assessment of one of the largest oyster banks in the Gulf, as reported by Samara et al. (2023), and built upon recent findings on the significant decline of oyster habitats due to coastal urbanization in northern UAE (Selvan et al., 2025). The current study is one of only a few recent phytoplankton studies in the Gulf, and the first investigation of the northern UAE coast that focuses on the inter-seasonal phytoplankton change, which is an important ecological indicator that complements remote sensing-based habitat assessments.

In this study, the phytoplankton composition and inter-seasonal phytoplankton dynamics were analyzed together with a range of water chemistry parameters in the coastal areas of Sharjah, Ajman and Umm al Quwain to assess the impact of potential nearby pollution sources on phytoplankton abundance and composition and the influence of the red-tide species and potentially harmful taxa from the Gulf of Oman (e.g., Noctiluca scintillans) in this part of the UAE coast.




2 Materials and methods



2.1 Study area and sampling sites

The Gulf is a shallow, semi-open marginal sea with high evaporation rates and poor flushing conditions. It is known for its natural extreme conditions (e.g., in temperature and salinity) to which wildlife is adapted yet leaving near physiological limits (Hume et al., 2015; Riegl et al., 2012; Sheppard et al., 2010). Sampling was conducted at nine locations situated around the largest oyster bank in the UAE (Samara et al., 2023), in the vicinity of the Hamriyah port and in the waters of Sharjah, Ajman and Umm al Quwain (Figure 1). Table 1 shows summary characteristics of the sampling sites.
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Figure 1 | Map of the study area and sampling locations.


Table 1 | Summary characteristics of the sampling locations.
	Sampling location
	GPS Latitude
	GPS Longitude
	Maximum depth, m
	Comments



	Location 1
	25°31'08.4"N
	55°31'04.0"E
	4.5
	Close to the shore, no nearby industry


	Location 2
	25°31'11.4"N
	55°28'26.0"E
	13.9
	Farthest offshore site


	Location 3A
	25°27'32.3"N
	55°26'21.9"E
	n/a
	Near Hamriyah port


	Location 3
	25°29'08.2"N
	55°29'00.3"E
	9.6
	Very close to Hamriyah Port and the shoreline


	Location 3B
	25°30'05.1"N
	55°28'31.6"E
	n/a
	Near Hamriyah port


	Location 4
	25°25'44.4"N
	55°22'57.1"E
	9.8
	Farthest from the shore


	Location 5
	25°22'24.0"N
	55°21'31.9"E
	13.2
	In the vicinity of Sharjah’s port


	Location 6
	25°21'34.4"N
	55°20'21.8"E
	n/a
	In the vicinity of Sharjah’s port


	Location 7
	25°21'30.7"N
	55°20'31.8"E
	n/a
	Near Dubai’s border and a Sharjah public beach










2.2 Sample collection and preservation

Surface water samples were collected from nine oyster bed locations (Figure 1; Table 1) during four sampling collection trips: in January 2020, in May and November 2021, and in June 2022. Water samples were collected using a 5-liter PVC Niskin water sampler at about 1-meter depth from the surface.

Water samples for chemical analysis were collected in clean, high-density polypropylene bottles, stored on ice immediately after sampling, and transported to the laboratory within the same day. Upon arrival, samples were refrigerated at 4°C and analyzed within 24–48 hours based on the recommended holding times. Quality assurance and quality control (QA/QC) procedures followed APHA and USEPA protocols (APHA, 2017; USEPA, 1993a, USEPA, 1993b). These included daily instrument calibration with certified standards, use of procedural blanks, duplicate sample runs, and spike recovery tests during digestion procedures for total nitrogen and phosphorus. All reagents were of analytical grade, and all glassware used in the chemical analysis was acid-washed and rinsed with deionized water to minimize contamination.

Water samples for phytoplankton analysis were preserved with acidified Lugol’s solution (4% final concentration) on site. All samples were stored on polypropylene bottles and on ice until transported to the laboratory for further analysis.




2.3 Water chemistry analysis

The on-site water quality analysis was conducted using a waterproof portable logging multiparameter meter HI 9829 (Hanna Instruments, Singapore) to measure temperature, pH, salinity, turbidity, total dissolved solids (TDS), and oxidation-reduction potential (ORP) at the selected sampling locations during the period of January 2021-June 2022. These parameters were measured in accordance with APHA Standard Methods 2510 (Conductivity), 4500-H+ (pH), 2130 (Turbidity), and 2540C (TDS) (APHA, 2017). Additionally, at each location water samples were collected in polypropylene bottles on site and transported to the laboratory for further analysis. Chemical oxygen demand (COD) was tested using HI 83399 multiparameter photometer (Hanna Instruments, Singapore) with HI 93754C-25 HR high range COD reagent vials (0 to 15000 mg l-1 on a COD reactor and test tube heater HI 839800 preheated to 150 °C. This follows the USEPA Method 410.4 and APHA 5220 D (Closed Reflux, Colorimetric Method) (USEPA, 1993a). Total phosphorus (dissolved and particulate) was tested following the APHA 4500-P E (Ascorbic Acid Method, following digestion). A diluted sample of water in DI water was tested using HI 83399 multiparameter photometer (Hanna Instruments, Singapore) using HI 93758V phosphorus reagent vials (0.0 to 32.6 mg l-1), HI 93758C total phosphorus reagent C and HI93763B-0 total phosphorous high range reagent B (Hanna Instruments, Singapore). Similarly, total nitrogen was measured using the Hanna TN (total nitrogen) Analysis System (Hanna Instruments, Singapore) on a HI 83399 multiparameter photometer (Hanna Instruments, Singapore) with HI 9376767B (box 1) total nitrogen high-range digestion vials for 0 to 150 mg l-1 and HI 93766V (box 2) second reagent vials. This method is based on APHA 4500-N C (Persulfate Digestion Method) (APHA, 2017) or USEPA Method 351.2 (Colorimetric, Autoanalyzer or Manual) (USEPA, 1993b).




2.4 Phytoplankton identification, nomenclature and taxonomic protocols

Phytoplankton identification followed the regional guidebooks Al-Yamani and Saburova (2019a), Al-Yamani and Saburova (2019b). Taxonomy and nomenclature were based on AlgaeBase (Guiry and Guiry, 2025).

Species-level identification was done when possible; for small-sized (<10µm) or low-abundance taxa, identifications were recorded at the genus or group level. In particular, Prorocentrum spp. included three species: P. micans, P. triestinum, and P. gracile. Gyrodinium spp. comprised G. dominans, G. fusiforme, G. maculatum, and unidentified Gyrodinium sp. The Scrippsiella group included Scrippsiella trochoidea and several other unidentified Scrippsiella taxa. The Guinardia group included G. flaccida, G. delicatula, G. striata, and unidentified Guinardia sp. The Rhizosolenia group included Pseudosolenia calcar-avis, Rhizosolenia bergonii and unidentified Rhizosolenia sp.

To quantitatively analyze the phytoplankton abundance and species distribution, a 50 ml sub-sample was settled in Utermöhl sedimentation chamber (Utermöhl, 1958) for a minimum of 24 hours and later examined at x400 magnification using Leica DMIL inverted microscope (Leica Microsystems GmbH). Each sample was counted until about 400 counting units were reached (Lund et al., 1958). Cyanobacteria colonies were counted as one counting unit. Abundance of each taxon was calculated as the number of cells per liter.




2.5 Numerical and multivariate statistical analyses

All numerical analyses were conducted using CANOCO 5 ver. 1.2 (Šmilauer and Lepš, 2014). Only taxa with the occurrence at least at three locations at abundance >2% were included in the analysis. Overall, 31 sampling locations during four seasons and 27 major phytoplankton taxa were included in the analyses below.

Detrended Component Analysis (DCA) with detrending by segments was applied to estimate overall compositional change in the phytoplankton data alongside spatial and temporal gradients. As the gradient length of the phytoplankton data was 2.8 SD units, the unimodal analysis was chosen. The phytoplankton data were log-transformed and rare species were down-weighted. Phytoplankton diversity was measured using Simpsons’ diversity index (D) (Simpson, 1949). Phytoplankton species richness E(S) was calculated at a constant sample count (Birks and Line, 1992).

Canonical correspondence analysis (CCA) was used to examine the effect of environmental variables (water chemistry and water temperature) on the variation in the phytoplankton data. To assess the statistical significance of the first two canonical axes in the CCA, a Monte Carlo permutation test with 999 permutations was performed. Both CCA axis 1 and axis 2 were statistically significant, with p-values of 0.01 and 0.02, respectively (p < 0.05).

Phytoplankton composition at different sampling locations during different seasons was plotted using the program C2 ver. 1.4.3 (Juggins, 2005).

To assess differences in phytoplankton composition and abundance among four seasons (November, January, May and June), a non-parametric multivariate analysis was conducted using Bray-Curtis dissimilarity and permutational multivariate analysis of variance (PERMANOVA). The data were square-root transformed prior to analysis to reduce the influence of dominant taxa (taxa occurring at ≥ 2% abundance in at least 3 samples) and to stabilize variances. Bray-Curtis dissimilarity was calculated between all pairs of seasonal samples using the pdist function (SciPy v1.11), which quantifies compositional differences based on abundance data. Seasonal differences in phytoplankton composition and abundance between January and June were significant at p < 0.05 as determined by the PERMANOVA analysis.

The resulting dissimilarity matrix was visualized as a heatmap using Seaborn to illustrate seasonal contrasts in overall community composition.

To statistically test for significant seasonal variation in phytoplankton composition and abundance, PERMANOVA was performed using the permanova function from the scikit-bio library (v0.5.8). The analysis was conducted on the Bray-Curtis dissimilarity matrix with 999 permutations to assess the effect of season as a grouping variable. A significance threshold of α = 0.05 was used to determine whether seasonal differences in community composition were statistically significant. All analyses were performed in Python (v3.10) within a Google Colab environment to ensure reproducibility and computational efficiency.





3 Results



3.1 Water chemistry

The results of the water quality parameters measured on-site including temperature, pH, turbidity, oxidation-reduction potential (ORP), dissolved oxygen (DO), and salinity, as well as the parameters measured in the laboratory including COD, nitrates and phosphates are shown in Table 2. Seasonally, the average water temperature was found to range from 21.73°C in January to 33.52°C in June. Salinity was lower (37.61) in the autumn-winter period (November and January) than in spring and summer months, reaching a maximum of 40.49 in June. Maximum values of turbidity, nutrients, and COD were observed in November (Table 2). The measured average water quality parameters during the sampling period were within the regional standards for pH, temperature, DO, turbidity and salinity.


Table 2 | Selected water chemistry parameters measured during the study period.
	Sampling date


	Measured parameters
	Jan-21
	May-21
	Nov-21
	Jun-22
	Guiding Standards


	Average
	Stdev
	Average
	Stdev
	Average
	Stdev
	Average
	Stdev



	Temperature (°C)
	21.73
	0.28
	30.87
	0.04
	28.92
	0.40
	33.52
	0.20
	19-35


	pH
	8.13
	0.07
	8.10
	0.22
	8.32
	0.02
	8.57
	0.02
	6.5-9


	ORP (mV)
	122.83
	9.43
	133.94
	28.59
	148.77
	7.04
	112.83
	10.75
	–


	DO (mg -1)
	6.24
	0.39
	8.05
	0.94
	5.29
	0.14
	7.55
	0.45
	> 4


	Turbidity (FNU)
	0.00
	0.00
	0.07
	0.18
	0.32
	0.76
	0.00
	0.01
	<75


	Salinity
	37.61
	1.28
	38.73
	1.24
	37.61
	0.18
	40.49
	0.15
	<45


	COD (mg l-1)
	969.07
	238.94
	1702.67
	296.37
	2597.78
	251.67
	1389.33
	819.37
	<40


	Nitrates (mg l-1)
	0.99
	0.09
	1.21
	0.07
	1.73
	0.97
	1.34
	0.21
	<0.095


	Phosphates (mg l-1)
	*
	*
	1.36
	0.23
	6.34
	0.21
	1.49
	0.75
	<0.089










3.2 Inter-seasonal dynamics of phytoplankton abundance and composition

In the study area, the phytoplankton assemblages were dominated by diatoms, dinoflagellates, cyanobacteria and small cryptophytes, which in total comprised about 90% of phytoplankton abundance (Figure 2).

[image: Bar chart displaying seasonal phytoplankton changes in 2021, measured in cells times ten to the sixth per liter. Categories include Dinoflagellates, Cyanobacteria, Cryptophyta, and Diatoms. January and June show lower values, while May and November exhibit higher populations, particularly of Diatoms and Cyanobacteria.]
Figure 2 | Average abundance (cells×106 l-1) of major phytoplankton groups diatoms, Cryptophyta, dinoflagellates, and cyanobacteria) during sampling season 2021-2022.

Overall, phytoplankton composition and abundance varied considerably between different seasons. During 2021, the total average abundance varied between the highest (1.69 ×106 cells l-1) in May and the lowest in January (0.90×106 cells l-1). Total average phytoplankton abundance was characterized by similar values in June and November (1.04 and 1.11×106 cells l-1, respectively). Cyanobacteria (mainly Planktolyngbya sp.) prevailed in the phytoplankton assemblages in May and June (0.90 and 0.67×106 cells l-1, respectively), whereas their abundance gradually decreased during colder months in November (0.21×106 cells l-1) and in January (0.013×106 cells l-1).

Variations in the diatom abundance were less pronounced compared to cyanobacteria, with the highest abundance occurring in November (0.63×106 cells l-1) followed by January (0.51×106 cells l-1) and May (0.59×106 cells l-1). The lowest diatom abundance occurred in June (0.24×106 cells l-1).

Dinoflagellates occurred at similar abundance in May, June, and November (0.13-0.20×106 cells l-1). In January, the lowest abundance of this group (0.023×106 cells l-1) was observed. Cryptophytes occurred only during the cooler months, in November (0.09×106 cells l-1) and, at a higher abundance, in January (0.35×106 cells l-1).

Figure 3 illustrates the inter-seasonal phytoplankton compositional dynamics and largely confirms the findings from Figure 2. For example, species diversity and species richness were considerably higher during the cooler season (November and January) compared to the warmer season (May and June). Higher diversity and richness in November and January were based on the higher diatom diversity and the presence of Cryptophyte taxa during this period (Figure 3).

[image: Bar chart comparing various species and cyanobacteria over four months: November, January, May, and June. Different species are represented with red, blue, or black bars under each month. The chart also notes species richness and diversity for each period.]
Figure 3 | Relative abundance of selected phytoplankton species and groups during November, January, May and June. The species were arranged along the weighted averaging gradient to highlight the compositional differences between sampling locations. Potentially harmful dinoflagellates and diatoms were highlighted in red, cyanobacteria were shown in blue.

At the same time, cyanobacteria prevailed during warmer months, becoming a dominant group in June. Potentially toxic Pseudo-nitzschia taxa occurred at a relatively high abundance throughout all sampled months except for June (up to 20% in January and May and at c. 8 % in November). Potentially bloom-forming dinoflagellates (e.g., Heterocapsa spp., Scrippsiella spp. and Sourniaea diacantha) showed slightly elevated abundance in November and June (up to 3%), with Blixaea quinquecornis occurring only in November. However, the abundance of other dinoflagellate taxa (e.g., Gymnodinium., Gyrodinium, and Prorocentrum) exhibited no clear seasonality.




3.3 Inter-spatial and inter-seasonal variations in the phytoplankton composition and abundance

Surprisingly, the variations in phytoplankton composition and abundance were quite significant between different sampling locations (Figure 4). In summer months (May 2021 and June 2022), cyanobacteria prevailed at most locations, which implies nutrient-enriched water. In January, the highest phytoplankton abundance occurred at locations 1 and 2, and it decreased considerably at locations 3, 4 and 5. A similar trend of lower abundance in locations 4 to 5–7 is seen in summer phytoplankton in June (Figure 4D). The phytoplankton abundance varied considerably even within a very short distance between locations (e.g., see phytoplankton abundance at locations 3 and 3b in June 2022, Figure 4D). Locations 5 and 7 also showed lower phytoplankton abundance in May 2021 (Figure 4B). In November 2021 (Figure 4C), most locations showed similar phytoplankton concentrations, except for considerably lower values at location 2 (0.3×106 cells l-1) and higher values at location 4 (2.2×106 cells l-1).

[image: Four bar graphs labeled A, B, C, and D show cell concentrations of various phytoplankton groups at different locations in January, May, June, and November 2021. Each bar is divided into sections representing dinoflagellates, cryptophyta, cyanobacteria, and diatoms. Locations vary across the graphs, with clear variations in cell concentrations and group compositions across the months.]
Figure 4 | Abundance (×106 cells l-1) of major phytoplankton groups at all sampling locations in January 2021 (A); May 2021 (B); November 2021 (C) and June 2022 (D).

Species composition also varied quite considerably between different locations during four seasons, especially during warmer seasons in May 2021 and June 2022. Several locations were completely dominated by cyanobacteria (locations 2, 4–7 in May 2021 and locations 1, 3, 3b and 4 in June 2022).

Overall, November and January phytoplankton had a higher share of diatoms, which occurred at all locations. Cryptophycean taxa occurred at four out of five locations in January, comprising up to a third of all phytoplankton taxa for this season (Figure 4A).

Figure 5 illustrates the distribution of selected phytoplankton species and groups in November. During this month, the species diversity (D) and species richness (S) were the highest and we used the November phytoplankton relative abundance to highlight the variability of phytoplankton between different sampling locations.

[image: Bar graph displaying the abundance of various species across different locations, labeled Loc1 to Loc7. Species names are listed on the top, some in color, indicating specific groups or highlights. The graph includes metrics for species richness (S) and diversity (D) on the right. Bars vary in length, with scales shown at the bottom of each section.]
Figure 5 | Relative abundance of selected phytoplankton species and groups at all sampling locations in November 2021. The species were arranged along the weighted averaging gradient to highlight the compositional differences between sampling locations. Potentially harmful dinoflagellates and diatoms were highlighted in red, cyanobacteria group was shown in blue.

In November, the species composition at locations 1–4 was quite different from the phytoplankton composition at locations 5-7, with a range of diatom species (e.g., Attheya decora, Cylindrotheca closterium, Leptocylindrus danicus) together with Cyanobacteria sp. 3 prevailing in locations 1–4 and dinoflagellate taxa (Gymnodinium spp., Gyrodinium spp., Heterocapsa spp., Scrippsiella spp.) dominating phytoplankton assemblages in locations 5-7. Potentially toxic Pseudo-nitzschia taxa were present at all stations (Figure 5). Three dinoflagellate taxa that potentially can cause harmful algal blooms (HABs) were present at locations 5-7. Heterocapsa spp. occurred at 1.1–4.46 %, Blixaea quinquecornis at 3–6%, and Scrippsiella spp. at 11–18% of the total phytoplankton abundance, while they were absent from locations 1-4. Sourniaea diacantha is the only potentially bloom-forming dinoflagellate which was present at locations 1 and 2 albeit at a low abundance.

Figures 6A (samples are shown) and 6B (species are shown) display the results of the DCA with the phytoplankton data centered by samples (see Table 3 for the summary statistics of the DCA). DCA axes 1 and 2 together explain 36.78% variance in the phytoplankton data (Table 3). DCA clearly separates all samples into three groups (Figure 6). Group I comprises most of May and June samples, which were dominated by several cyanobacterial taxa (e.g., Trichodesmium erythraeum; Figure 7A), and had lower diversity compared to autumn and winter phytoplankton (Figures 3, 6B). Group II unites some of November and all of January samples. Group II has the highest diversity and abundance of diatoms (e.g., diatom Thalassiosira hendeyi, Figures 7J, K and potentially toxic Pseudo-nitzschia sp., Figures 7L, M) and cryptophytes. One summer sample, L4 Jun, is also a part of group II; this is an outlier sample with a relatively high abundance of several potentially harmful dinoflagellates: Heterocapsa sp., Scrippsiella sp. (Figure 7F) and Blixaea quinquecornis (Figure 7E); which were absent from the spring-summer samples in group I (Figure 6B).

[image: Two scatterplots labeled A and B comparing data on DCA Axis 1 and DCA Axis 2. Plot A displays data points in three clusters numbered I, II, and III, each enclosed by a blue oval, labeled by month abbreviations with varying numeric prefixes. Plot B also shows centralized clusters, labeled I, II, and III, containing various labeled triangles and circles, indicating different data types. Both plots illustrate distribution patterns within designated clusters, emphasizing spatial separation.]
Figure 6 | Detrended Correspondence Analysis (DCA) biplot (DCA axes 1 and 2) showing the variance in species composition centered on sampling locations (L); sampling locations are shown as small black circles in panel (A) and corresponding species are shown in panel (B) as blue triangles. Blue circles highlight DCA-based groups I, II and III. Full species names are given in Appendix 1.


Table 3 | The summary statistics of DCA with phytoplankton data.
	DCA axes
	1
	2
	3
	4



	Eigenvalues
	0.333
	0.2243
	0.0760
	0.0482


	Cumulative % variance of species data
	21.99
	36.78
	41.83
	45.01


	Gradient length
	2.07
	2.75
	1.38
	1.38







[image: A collage of microscopic images shows different phytoplankton species observed under various magnifications. Each frame displays distinct shapes and structures, highlighting the diverse physical characteristics of the organisms, such as filaments, spheres, and complex geometric forms. The scale bars in each image imply variation in size among the different species.]
Figure 7 | Common phytoplankton species encountered in the study area between 2021 and 2022. (A) cyanobacterium Trichodesmium erythraeum; (B) potentially harmful dinoflagellate Margalefidinium polykrikoides; (C) potentially harmful dinoflagellate Dinophysis caudata from November samples; (D) dinoflagellate Prorocentrum gracile; (E) potentially harmful dinoflagellate Blixaea quinquecornis from November samples; (F) potentially harmful dinoflagellate Scrippsiella sp. from November samples; (G) diatom Guinardia flaccida; (H) diatom Pseudosolenia calcar-avis; (I) diatom Nitzschia incurva; (J, K) diatom Thalassiosira hendeyi; (L, M) potentially toxic diatom Pseudo-nitzschia sp. from January samples; scale bars: (A-F, I-K, M), 10 µm;  (G, H, L) 20 µm.

Group III is the most heterogeneous, encompassing several November, May and June samples. Group III unites samples by their location, e.g. all May and November samples from L1 and L3 are placed in group III. These locations were characterized by a high abundance of chain-forming quite silicified diatom taxa, e.g., Leptocylindrus danicus and Guinardia flaccida (Figure 7G).

Dissimilarity matrix visualized as a heatmap in Figure 8 broadly confirms the findings of DCA. The greatest dissimilarity in species abundance and composition, which was also statistically significant is between is between January and June samples, as illustrated by differences in DCA groups I and II in Figure 6.

[image: Heatmap showing Bray-Curtis dissimilarity between months: November, January, May, and June. Values range from zero (light yellow) to point eight (dark red), indicating increasing dissimilarity.]
Figure 8 | Dissimilarity matrix based on Bray-Curtis dissimilarity distances visualized as a heatmap to highlight seasonal contrasts in species composition and relative abundance. Seasonal differences in phytoplankton composition and abundance between January and June were significant at p < 0.05 as determined by the PERMANOVA analysis.




3.4 Phytoplankton and water chemistry

We attempted to analyze the relationship between phytoplankton composition changes and the measured water chemistry parameters using Canonical Correspondence analysis (CCA), Figure 9. The summary statistics of CCA is given in Table 4.

[image: Biplot from Canonical Correspondence Analysis (CCA) showing sample points and environmental variables. CCA Axis 1 and CCA Axis 2 are plotted. Vectors represent variables: pH, Nitrates, Salinity (Sal), Temperature (Temp), Chemical Oxygen Demand (COD), Dissolved Oxygen (DO), and Oxidation-Reduction Potential (ORP). Sample labels include various abbreviations. Triangles indicate sample positions.]
Figure 9 | Canonical correspondence analysis (CCA) biplot (CCA axes 1 and 2) showing the influence of water chemistry variables (represented by red arrows) on the variation in phytoplankton data. Selected species shown as triangles; complete species names are provided in Appendix 1. Sal., salinity; Temp., temperature.


Table 4 | The summary statistics of CCA of phytoplankton and water chemistry variables.
	CCA Axes
	1
	2
	3
	4
	Total



	Eigenvalues
	0.3330
	0.1987
	0.1435
	0.1204
	 


	Explained variation, %
	12.87
	20.47
	25.96
	30.56
	 


	Explained fitted variation
	34.89
	55.47
	70.34
	82.82
	 


	Total variation of the data
	 
	 
	 
	 
	2.61







The CCA revealed distinct relationships between phytoplankton species composition and water chemistry variables across the sampling locations. The first four canonical axes accounted for 30.56% of the total variation in species data, with the first two axes (Axis 1 and Axis 2) explaining 12.87% and 7.60%, respectively. When considering only the fitted variation, Axis 1 explained 34.89%, and Axis 2 explained 20.58%, cumulatively accounting for 55.47% of the constrained species–environment relationship.

The CCA biplot (Figure 9) based on axes 1 and 2 demonstrated that temperature (Temp), dissolved oxygen (DO), chemical oxygen demand (COD), and oxidation-reduction potential (ORP) are the dominant environmental gradients influencing phytoplankton distribution, with long vector lengths indicating strong correlations. Changes in temperature, DO and salinity were associated with several cyanobacterial taxa (Cyano 1 and 2 types), and some potentially harmful dinoflagellates (e.g., Blixaea quinquecornis, Heterocapsa spp., and Scrippsiella spp.), which were most common for November and January (see Figure 3) and mostly characteristic of November-January phytoplankton DCA group II (Figure 6).

In contrast, pH acted in opposition to the other major environmental gradients, indicating that phytoplankton taxa like Cyanobacteria type 4 and Sourniaea diacantha may be more prevalent under lower pH conditions. ORP influences the distribution of several diatom taxa (e.g., Nizschia cf lanceolata, Skeletonema sp., Thalassiosira sp., and Asterionellopsis glacialis) together with dinoflagellates Prorocentrum spp., Gymnodinium spp., and Gyrodinium spp. Several species, such as diatoms Cylindrotheca sp., Rhizosolenia spp., and Guinardia spp. appeared in the upper-left quadrant, relatively distant from strong environmental vectors, implying that their distributions may have been influenced by unmeasured water chemistry variables (e.g. Si) or more complex ecological factors.

Cyanobacteria sp. 2 was distinctly isolated along the negative end of Axis 1 and Axis 2, suggesting unique ecological tolerances possibly associated with low salinity, low temperature, or other limiting conditions. In summary, the CCA results indicated that temperature, dissolved oxygen, and oxidative conditions were key drivers of phytoplankton community structure, with additional influence from pH, salinity, and nutrient availability.





4 Discussion



4.1 Water chemistry

The water chemistry results indicated that all of these parameters were above the acceptable parameters for marine waters reported by the UAE Ministry of Climate Change and Environment (MOCCAE) guidelines (MOCCAE, 2020).

When comparing water chemistry parameters from different sites (Appendix 2) it is clear that the discrepancies among the sites were not significant. The results also depicted that as temperature increases, salinity increases as well. In marine ecosystems, temperature and salinity are interconnected and jointly influence seawater density, ocean currents, and the overall structure of the marine environment (Doney et al., 2012).

When comparing the water temperatures obtained in this study to those found by Al-Khayat and Al-Ansi (2008) in Qatari waters of the Arabian Gulf, their results ranged between 27.95°C and 29.90°C in November, which was similar to the temperatures recorded in all sampling sites reported in this study during the month of November ranging from 28.15–29.38°C. The same study reported an average pH measurement of 8.4, which is comparable to the average of 7.89–8.34 measured by this study. Furthermore, DO concentration ranged between 4.28–4.61 mg l-1, which is slightly lower than the range of DO (4.97–5.42 mg l-1) obtained in this study during the same month. Salinity values in Qatari waters ranged between 39.50 and 41.15, compared to which is higher than the salinity recorded in this study. Overall, the variation in the values of the water quality parameters may be attributed to the difference in location, proximity to coastal activity, and the seasons during which the sampling took place. Similarly, the study conducted by Samara et al. (2020) at Umm al Quwain mangroves, UAE during the month of April, found very similar surface water quality parameters as reported in this study during the month of May. The average pH, temperature and salinity measured for that region of the Arabian Gulf were 7.94, 30.36°C, and 37.68, respectively. The values are comparable to those measured in this study of 8.12, 30.87°C, and 38.82, respectively. In summary, in both studies very similar water quality parameter values were recorded, with little variation that is to be expected due to the proximity of their sampling locations to the ones used for this study.

It is well established that in marine ecosystems, temperature and dissolved oxygen (DO) levels are typically inversely related due to the reduced solubility of oxygen in warmer water (Song et al., 2019). However, in this study, we observed an unexpected positive correlation between temperature and DO, with higher DO concentrations recorded during the warmer months (Appendix 2). This anomaly may be explained by enhanced biological activity—specifically, increased photosynthetic rates by cyanobacteria and phytoplankton during periods of elevated temperature in late spring and summer. Under optimal conditions, photosynthesis can lead to localized oxygen supersaturation during daylight hours, offsetting the physical solubility decline (Mai et al., 2021). Furthermore, Hutchings et al. (2024) noted that in productive or eutrophic systems, oxygen dynamics are often governed more by biological processes than by temperature alone. Therefore, it is plausible that in our study area—characterized by seasonally elevated productivity and nutrient availability—the biological oxygen production during phytoplankton blooms may have overridden the typical thermal suppression of DO, resulting in the observed trend.




4.2 Phytoplankton



4.2.1 Seasonal dynamics of phytoplankton

The seasonal variations in phytoplankton abundance and composition observed in this study reflect the strong influence of temperature and associated water chemistry parameters in the Gulf’s coastal waters. Several cyanobacteria taxa, particularly Planktolyngbya and Trichodesmium erythraeum, dominated during the spring and summer months, coinciding with elevated temperatures, salinity, and nutrient concentrations. This agrees with other studies in the region and the Arabian Sea, where warm, nutrient-rich waters promote cyanobacterial blooms (Gomes et al., 2014; Polikarpov et al., 2020).

By contrast, diatoms were more abundant and diverse in the cooler months of January and November, suggesting their preference for lower temperatures and higher oxidative conditions. The dominance of Thalassiosira sp., Leptocylindrus danicus and Guinardia spp. during these months is consistent with seasonal phytoplankton cycles observed in adjacent waters (El Gammal et al., 2017; Polikarpov et al., 2016). Cryptophytes were also abundant during winter, indicating that cooler, more oxygenated water supports more diverse phytoplankton communities. In general, Simpson’s species diversity and species richness were considerably higher during the cooler season in November and January (Figure 3). Interestingly, that while there were clear seasonal differences in abundance and composition of diatoms, cyanobacteria and cryptophytes, dinoflagellates occurred at a relatively low numbers throughout all seasons only showing slight increase in June (Figures 2, 3). Unlike the evidence from Korean coastal waters (Lee et al., 2021), Gyrodinium spp. exhibited no clear seasonality or preference for warmer season. However, some potentially harmful bloom-forming dinoflagellates (e.g., Scrippsiella and Heterocapsa) showed slightly increased abundance in June. The observed seasonal succession pattern—from diatoms and cryptophytes in winter to cyanobacteria in summer—reflects known phytoplankton dynamics in stratified, nutrient-variable coastal systems (e.g., Demarcq et al., 2012; Longhurst, 1993). Transient silicon limitation may also play a role in the dominance of cyanobacteria in summer (Rocha et al., 2002). In winter, high levels of nitrogen and phosphorus support diverse phytoplankton dominated by diatoms and this leads to the decrease in silicate, which in turn leads to the decrease in diatoms and the increase in cyanobacteria. However, since Si was not measured in this study, its influence on the phytoplankton succession remains unconfirmed.




4.2.2 Spatial heterogeneity and anthropogenic pressure

Phytoplankton abundance and composition showed pronounced spatial variability, even across relatively short distances, reflecting the influence of localized environmental gradients and anthropogenic stressors. Locations adjacent to industrial and urbanized zones such as Locations 3, 3b, 5, and 7 consistently exhibited lower phytoplankton abundance and species richness. These areas are near Hamriyah and Sharjah ports, active dredging sites, and land reclamation zones, which are known to contribute to increased turbidity, altered hydrodynamics, nutrient runoff, and pollutant inputs (Selvan et al., 2025; Naser, 2013). Quantitatively, spatial differences were evident even at small to moderate scales. For example, Locations 3 and 3b, only 1.9 km apart, differed markedly in abundance during June 2022, with the latter showing significantly lower levels (see Appendix 3; Figure 10). Similarly, Locations 4 and 5 (6.6 km apart) differed in species richness and dominance. These contrasts may be driven by local changes in water circulation, oxygen dynamics (e.g., low DO and high COD at impacted sites), and light availability, all of which can suppress phytoplankton growth. These patterns are further illustrated in Figure 10, which maps phytoplankton abundance across the study area and highlights zones of anthropogenic influence such as port operations, dredging activity, and coastal development.

[image: Scatter plot showing phytoplankton abundance at various locations with latitude and longitude axes. Locations are marked with crosses of different colors indicating abundance levels. A vertical color bar on the right represents abundance gradients from 0.6 to 1.5 thousand cells per liter. Three zones are labeled: Industrial/Port Zone, Urban Outflow, and Reclamation Area, with red circles highlighting specific areas.]
Figure 10 | Spatial distribution of phytoplankton abundance and anthropogenic influence zones. Sampling locations are plotted with color-coded abundance data (106 cells l-1). Red shaded circles represent approximate zones of anthropogenic influence: • Industrial/Port Zone near Locations 3 and 3b (Hamriyah Port) • Urban Outflow Zone near Location 5 (Sharjah Port vicinity) • Land Reclamation Area near Location 7 (adjacent to Dubai coast and beach development) This spatial visualization supports the observed patterns in phytoplankton variation and reinforces the role of localized human activity, as discussed in Section 4.2.3.

In contrast, offshore stations (Locations 1 and 2), situated 4–22 km away from heavily developed areas, consistently showed higher abundance and diversity, especially during cooler months. Their distance from coastal infrastructure likely affords more stable conditions and reduced anthropogenic disturbance. The spatial distribution of phytoplankton observed here aligns with broader Gulf-wide patterns linking urbanization and port activity to ecological degradation and reduced primary productivity (Al-Yamani et al., 2021). While pollutant levels were not directly measured, the observed biological patterns serve as useful proxies. Future work integrating land-use mapping, contaminant analysis, and hydrodynamic modeling will be essential to further quantify and validate these linkages.




4.2.3 Ecological significance of harmful and invasive taxa

In this study, a range of potentially harmful phytoplankton taxa were identified including known bloom forming cyanobacteria and dinoflagellates (Trichodesmium erythraeum, Scrippsiella spp., Blixaea quinquecornis, and Sourniaea diacantha), ichthyotoxic dinoflagellates (Margalefidinium polykrikoides and Heterocapsa spp.), together with the toxin-producing dinoflagellate Dinophysis caudata and diatoms Pseudo-nitzschia spp. (e.g., Al-Yamani and Saburova, 2019a; Glibert, 2007; Hallegraeff, 1993; Lassus et al., 2016; Polikarpov et al., 2020; Richlen et al., 2010; Saburova et al., 2022). Dinoflagellate Dinophysis caudata and the diatom Pseudo-nitzschia group are of particular concern within this complex, as these are known toxin-producing species. Some Dinophysis caudata strains have been confirmed to produce okadaic acid and its analogues, which can cause diarrhetic shellfish poisoning (DSP) in humans (e.g., Hallegraeff et al., 2003; Lassus et al., 2016) at elevated cell concentrations.

While the above microalgae are known to have an adverse impact on the marine environment when they bloom, all of them, except for the Pseudo-nitzschia group, were detected at low abundances in this study, with concentrations of about 102 cells l-1, far below the bloom threshold (about 105–106 cells l-1). However, the confirmed presence of these potentially harmful species in the phytoplankton highlights the risks of the future environmental hazards and emphasizes the necessity of proactive monitoring and management strategies.

On the other hand, the Pseudo-nitzschia group was present at a high abundance in the study area, between November and May (e.g. Figure 2). For example, in January 2021, the abundance of Pseudo-nitzschia group varied from 5.98×104 to 3.44×105 cells l−1, which is comparable to the European bloom warning threshold of 50,000–200,000 cells l−1 for a shellfish harvesting ban (EURLMB, 2019). Pseudo-nitzschia species (e.g., Pseudo-nitzschia calliantha, P. pungens, and P. multiseries) can produce domoic acid, a neurotoxin that accumulates in shellfish and affects marine mammals, birds, and humans, causing amnesic shellfish poisoning (ASP) (e.g., Larsen and Nguyen, 2004; Lassus et al., 2016; Throndsen et al., 2007).

Although species-level identification remains uncertain (Figures 7L, M), it is quite possible that toxic Pseudo-nitzschia taxa were present in the study area, as they commonly occur in the Kuwaiti waters of the northern Gulf (Al-Yamani et al., 2012; Al-Yamani and Saburova, 2019b) and in the winter phytoplankton across the Gulf and the Sea of Oman (Polikarpov et al., 2016). Recently, amnesic shellfish toxin (domoic acid) attributed to the toxic Pseudo-nitzschia strains was detected in the Qatari waters (Al Muftah et al., 2016) and in Yas Bay, Abu Dhabi, UAE where several beaches were closed for the public (Rajan et al, 2022).

Given ongoing projected temperature increases and intensifying coastal development on the northern UAE coast, we expect an increase in the abundance of potentially harmful bloom forming phytoplankton species (e.g. Trichodesmium erythraeum, Scrippsiella spp., Blixaea quinquecornis, and Sourniaea diacantha), together with ichthyotoxic dinoflagellates (e.g. Margalefidinium polykrikoides and toxin-producing Dinophysis caudata and Pseudo-nitzschia spp. especially in the sites closer to the coast, as these are the most affected (see section 4.2.3). These phytoplankton taxa are likely to reach their bloom-forming thresholds especially in the sites nearer the shore.




4.2.4 Drivers of phytoplankton composition: multivariate analysis

The CCA results provided clear evidence that temperature, dissolved oxygen, COD, and ORP were the primary environmental drivers shaping phytoplankton assemblages (Figure 9). In particular, temperature and DO accounted for a significant portion of variation in the data (approximately 80% of explained variation) and were strongly associated with cyanobacterial dominance in warmer months. This agrees with the findings from Daya Bay in China (Zhao et al., 2025) where DCA identified DO, temperature and salinity as the most important environmental variables influencing phytoplankton distribution. The influence of ORP on diatoms and dinoflagellates aligns with known ecological tolerances, as oxidative conditions can favor silica-utilizing taxa like diatoms (Falkowski, 2012). The inverse relationship between pH and dominant environmental vectors suggests that localized acidification events or shifts in buffering capacity may selectively impact species like dinoflagellate Sourniaea diacantha and certain cyanobacteria.

Interestingly, some diatom taxa such as Guinardia, Rhizosolenia, and Cylindrotheca appeared unaffected by the measured parameters, suggesting that additional factors—such as micro-nutrient availability, grazing pressure, or water column stability—may influence their distributions.

Since the first two CCA axes only explained about 30% of the variation in the phytoplankton data, it is clear that other, unmeasured environmental and ecological variables were influencing the phytoplankton assemblages (Cloern, 1996; Paerl and Paul, 2012).

Ecological variables, like zooplankton grazing, were among unmeasured impacts in this study, and these could also drive differences in phytoplankton community structure between different sampling locations. Clearly, a larger scale ecosystem-based study with continuous monitoring of a wider range of anthropogenic, environmental and ecological variables is required to account for all variation in phytoplankton data.




4.2.5 Implications for monitoring and coastal management

This study presents one of the first inter-seasonal phytoplankton assessments along the UAE’s Gulf coast and highlights the complex interplay between environmental variability and phytoplankton dynamics. The findings reinforce the need for regular, fine-scale monitoring to detect early signs of eutrophication, shifts in community structure, or emerging HAB risks. Given the ecological and economic importance of the oyster banks and the increasing frequency of HABs in the wider Gulf region, integrating phytoplankton data into environmental impact assessments and marine spatial planning will be essential. Additionally, the identification of HAB-prone taxa underlines the importance of early warning systems and the development of region-specific threshold levels for nutrient loads and water quality indicators.






5 Conclusions

This study presents the first detailed assessment of inter-seasonal phytoplankton dynamics in the northern coastal waters of the United Arab Emirates, with a focus on one of the Gulf’s most ecologically significant oyster banks. The phytoplankton assemblages composition and abundance exhibited clear seasonal and spatial variability, primarily driven by changes in water temperature, DO, salinity, and oxidative conditions. The summer and spring months were characterized by cyanobacterial dominance, whereas autumn and winter assemblages were more diverse, with higher relative abundances of diatoms and cryptophycean flagellates.

Numerical analyses, such as DCA and CCA, provided valuable insights into the ecological gradients influencing phytoplankton composition with non-parametric Bray-Curtis dissimilarity analysis, combined with PERMANOVA, supporting some of the findings from the ordination analyses. For example, both multivariate approaches detected clear seasonal differences between the June and January assemblages. Temperature, COD, and DO were identified as the most influential environmental drivers, collectively explaining 30% of the total variation in the species data, while unmeasured water chemistry variables such as Si and toxic pollutant influx together with ecological variables, e.g. zooplankton grazing, may account for the unexplained variance in the phytoplankton data.

Although no harmful algal blooms (HABs) were observed during the study period, the presence of several potentially harmful bloom-forming dinoflagellates, such as Blixaea quinquecornis, Scrippsiella spp., and ichthyotoxic Heterocapsa taxa, even at low abundances, highlights the need for continued phytoplankton monitoring in the northern coastal waters of the UAE. In addition, the detection of the potentially toxic diatom Pseudo-nitzschia between November and May at concentrations comparable to European HAB threshold levels may indicate a future risk of toxic blooms—particularly in light of recent reports of Pseudo-nitzschia in Abu Dhabi. With the continuing coastal development and predicted rise in temperatures, an increase in the abundance of potentially harmful bloom forming phytoplankton taxa is expected, which may lead to future HAB events along the northern coast of the UAE.

Given the ecological and economic importance of oyster beds and the increasing anthropogenic pressures in the region, regular and spatially resolved monitoring of phytoplankton communities should be integrated into national coastal management frameworks. This is particularly critical in the context of projected climate-driven changes in water quality and nutrient dynamics in the Gulf.

Overall, this study provides a foundational dataset for phytoplankton ecology in the region and supports the development of ecosystem-based management strategies to address emerging environmental challenges in the Gulf.
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