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Abstract

:

The southern Alboran Sea is a dynamic ecosystem and is highly influenced by Atlantic waters. Unfortunately, despite the importance of the mesozooplankton in this ecosystem, the number of studies on this ecosystem is low. The composition and abundance of mesozooplankton communities were studied during the summer season (July 2017) along the Moroccan Mediterranean coast between M’diq and Saïdia. A total of 14 mesozooplankton groups were identified and were dominated by copepods (48%) and cladocerans (35%). Abundance and biomass spatial distribution distinguished two main regions east and west of Al Hoceima. The same distribution pattern was observed when using copepod and cladoceran abundance. Environmental parameters (temperature, salinity, and nutrients) differed in these two regions. Our results confirm the hypothesis that the water flux from the Atlantic Ocean is responsible for the eastward gradients of the mesozooplankton abundance and diversity. Copepods were the most diversified group with 27 species, dominated by Paracalanus parvus (30.5%), Temora stylifera (14%), and Oncaea venusta (12.4%). The diversity index (H’) of copepods varied between 1.35 and 2.8 bits ind−1, and the regularity index (J) varied between 0.21 and 0.45, without a remarkable longitudinal gradient. Multivariate analysis showed that the mesozooplankton biomass, abundance, and distribution were influenced mainly by hydrology (gyres), by temperature and salinity, and to a lesser degree by phytoplankton.






Keywords:


mesozooplankton; copepods; abundance; diversity; Southwestern Alboran Sea; Mediterranean Sea; Morocco












1. Introduction


The Mediterranean Sea is considered to be a very special ecosystem because of its location, reduced dimension, and high biodiversity [1]. It is also highly sensitive to environmental changes and subjected to anthropogenic pressure [2,3,4]. In marine ecosystems, zooplankton plays a crucial role in global biogeochemical cycles [5].



At the heart of these ecosystems, zooplankton emerges as a pivotal component, significantly influencing global biogeochemical cycles through their population and community dynamics, which include growth, mortality, distribution, and diversity [5,6]. These biological processes are directly influenced by various environmental covariates such as temperature, nutrient availability, ocean acidification, habitat structure, and predation/competition [6,7]. Understanding the direct connections between zooplankton dynamics and environmental factors is essential for predicting and managing the responses of zooplankton populations to climate change and for assessing the health and resilience of marine ecosystems [7].



The Alboran Sea, of which the Moroccan coast is part, is a region characterized by a permanent surface current (0–200 m) from the Atlantic Ocean (the Atlantic jet stream) that enters the Mediterranean through the Strait of Gibraltar, forming a path that generates two main gyres: the Western Alboran Gyre (WAG) and the Eastern Alboran Gyre (EAG) [8]. This narrow (~13 km) and shallow (~300 m depth) strait allows for mixing with pre-existing Mediterranean water while moving toward the eastern Mediterranean basin [9,10]. The western Alboran Sea (west of Al Hoceima) is characterized by colder and less salty water, which could correspond to the development of the anticyclonic WAG [11]. Further east, the temperature and salinity are higher and are associated with the presence of a variable central cyclonic gyre (CCG) and the EAG. The WAG is permanent, while the EAG is present only during the summer–autumn period, and is associated with the westward displacement of the CCG [8]. Furthermore, the existence of quasi-permanent frontal areas associated with these anticyclonic eddies contributes to the high zooplanktonic productivity of the Alboran Sea [12,13,14] due to the enrichment of the Atlantic waters [15]. Several studies have revealed the presence of sub-mesoscale vortices around the gyres [16,17], which are spots of high biological productivity due to the large vertical velocities involved.



The rich and dynamic Alboran Mediterranean system has led to the development of numerous studies conducted during the last 25 years on the phytoplanktonic component [18,19]. However, very few studies have focused on the zooplankton in the southern Mediterranean, including the Alboran Sea [14,20,21,22,23], compared to the northern Mediterranean region (e.g., [24,25,26,27,28]).



Studies published on the diversity and distribution of zooplankton along the Moroccan Mediterranean coast are very limited [22,29,30]. This coast has yet to be explored when compared with the Atlantic Coast [31,32,33,34,35,36,37,38]. The western Mediterranean Sea holds important fish resources. Consequently, it is important to understand the impact of the zooplankton communities on the richness of fish resources, as more than 75% of commercial marine fishes are planktivorous [39,40].



This study aims to determine the diversity and abundance of mesozooplankton in the Moroccan Mediterranean Sea and to understand how the hydrology and main environmental factors could influence the distribution of the mesozooplankton community. Based on zooplankton sampling and identification, we may complete other data collection efforts, such as oceanographic measurements. Integrating zooplankton data with other datasets allows us to explore multidimensional relationships and assess ecosystem dynamics.




2. Materials and Methods


2.1. Study Area, Sampling, and Measurements


An oceanographic survey was carried out along the Moroccan Mediterranean coast from M’diq (35°52′ N, 05°14′ W) to Saïdia (35°10′ N, 02°16′ W) from the 20th to the 26th of July 2017 (the summer season). This survey is part of the regular research campaign conducted by the National Institute of Fisheries Research (INRH) in Morocco, aboard the research vessel R/V Al Amir Moulay Abdellah. During this survey, a range of environmental factors were measured to understand the physical, chemical, and biological processes that shape the marine ecosystems and are essential for effective oceanographic research and management. The sampling network included 31 stations covering the entire area and was located between the coast and isobaths at 500 m (Figure 1).



At each station, temperature, salinity, and dissolved oxygen were measured using a conductivity, temperature, and depth (CTD)-type RINKO. Water samples were taken from Niskin bottles in two layers (surface and bottom), for chlorophyll-a measurement [41,42] using a fluorimeter (10-AU). Nutrients (nitrate, phosphate, and silicate) were measured using an auto-analyzer AA3 AxEFlow [43].



Mesozooplankton was collected by oblique hauls from 0 to 100 m depth in deep waters and to the bottom in shallower waters using a Bongo net (20 cm opening diameter and 150 μm mesh size) equipped with a flow meter. Mesozooplankton samples were preserved in a solution of seawater and formaldehyde (5%). Zooplankton biomass (mg.m−3) was obtained by wet weight measurement on predetermined aluminum foil. Interstitial water was removed using blotting paper. The samples were fractionated using a Motoda box-splitter [44] with a variable number of fractions (sub-samples) depending on the density of the sample. This operation allows for better and more accurate identification and enumeration of specimens under a stereomicroscope. The zooplankton taxa were identified to the lowest taxonomic level possible.




2.2. Data Analysis


Zooplankton abundance (A) was expressed as individuals per cubic meter (ind.m−3) and was calculated as follows:


A = (n × 1000)/V



(1)




where n is the number of individuals per volume of water and V is the filtered water volume (m3).



The description of the zooplankton community structure was based on the calculation of four ecological indices:




	-

	
The specific richness (S), which is the number of encountered species.




	-

	
The relative abundance of species i in a sample:











Pi = ni/N



(2)




where n is the number of species i and N is the total number of all species.



	-

	
The Shannon–Weaver diversity index (H’; [45]) is used to characterize species diversity in a community. It establishes the link between the number of species (ni) and the number of individuals (N) within the ecosystem or a community. It is measured with the following formula:









    H   ′   = −   ∑  i = 1   S      n i   N       l o g   2       n   i     N    



(3)




where ni is the abundance of species i and N is the total abundance of all species.



	-

	
The Pielou index (J; [46]), a measure of the equitability (or equidistribution) of the species, is calculated according to the following formula:









J = H′/log2 S



(4)








2.3. Statistical Analysis


Principal component analysis (PCA) was performed on normalized and log-transformed environmental variables in order to examine their distribution patterns. The environmental variables used were: sea surface temperature (SST), sea surface salinity (SSS), dissolved oxygen, nitrate, phosphate, chlorophyll-a surface concentration, and zooplankton wet weight biomass.



The spatial variation in the structure of the mesozooplankton communities in the study area was described with cluster analysis and non-metric multidimensional scaling (NMDS) as described by Clarke and Warwick (1994) [47]. Before calculating inter-station resemblances, species abundances for each sampling site were square-root transformed to down-weight abundant species and increase the importance of less-abundant ones. A dissimilarity matrix between stations was constructed based on differences in species composition and abundance using the Euclidean distance. Relationships between the mesozooplankton community composition and environmental parameters were evaluated by distance-based linear modeling analysis (DistLM). Distance-based redundancy analysis (dbRDA) was used to visualize the influence of variables identified by DistLM on the zooplankton community. All environmental parameters were log (x + 1) transformed and normalized, and then the DistLM was run with a dbRDA plot by combining the resemblance matrix (based on Euclidean distance between the abundances of mesozooplankton species in the samples) and the environmental variables. To run DistLM, we chose “Step-wise” as a selection procedure, “AIC” as a selection criterion, and the number of permutations was 999.



The key species and groups contributing mostly to the similarity and dissimilarity between different areas were identified using the similarity percentage (SIMPER) analysis method.



The analyses were conducted using the PRIMER-PERMANOVA + v.6 software package [48]. At each transect, the horizontal distribution of surface temperature, salinity, and dissolved oxygen was obtained with Ocean Data View software (ODV Version: ODV 5.7.0, [49]).





3. Results


3.1. Environmental Parameters


The distribution of surface temperature and salinity showed a gradual eastward increase (Figure 2a,b), and their values ranged from 21.09 to 25.51 °C and 36.41 to 36.93 psu, respectively.



The concentrations of surface nutrients (phosphates and nitrates) were relatively high (Figure 3a,b), increasing in the west of Al Hoceima with values reaching 0.8 µM and 1.8 µM for phosphates and nitrates, respectively. Low concentrations of surface nutrients (silicate) (Figure 3c) were observed in the western region, especially between Al Hoceima and M’diq (<2 µM). The highest values were encountered in the eastern region with a maximum of 4.57 µM.



The concentration of chlorophyll-a (Figure 4) was very low on the surface with a maximum of 0.063 µg L−1 coastal between M’diq and Al Hoceima, while at depth the values ranged between 0.004 and 0.14 µg L−1 (Figure S2, Supplementary Data). In fact, relatively high concentrations were found in coastal stations located to the west of the study area (with an average surface value of 0.02 µg L−1), which is confirmed by satellite data (Supplementary Materials Figure S1).



Dissolved oxygen was high throughout the stations (>3.8 mL L−1) with a west–east decreasing trend (Figure 5).




3.2. Vertical Distribution of Environmental Parameters from T–S Diagrams


The temperature–salinity diagrams were different from one station to another. They showed a similarity among coastal and offshore stations as shown in Figure 6. Both offshore and coastal stations have a similar value of temperature and salinity in the surface layer. Interestingly, the deeper layers in offshore stations (>200 m) showed temperature and salinity values typical of Mediterranean waters, while coastal stations did not show any stratification (Figure 6).




3.3. Relationships between Mesozooplankton Biomass and Environmental Factors


The standardized PCA was used to visualize the structure of the total biomass in relation to the environmental parameters. The considered variables were surface temperature, surface salinity, phosphates, nitrates, dissolved oxygen, bathymetry depth, and Chl-a, as well as total zooplankton biomass. The first two axes of the factorial plane F1 × F2 represented 56.5% of the total inertia for the PCA. The first axis was mostly described by salinity and temperature on one side, and Chl-a and oxygen on the other. The second axis was represented by bathymetry depth on one side and phosphates on the other (Figure 7). The total mesozooplankton biomass contributed equally to both axes, where it correlated positively with the ‘nutrient’ variables.



Two main groups of stations were observed (Figure 7). Group I has stations localized in the eastern part of the Moroccan Mediterranean area from Saïdia to Al Hoceima. These stations are characterized by high values of temperature and salinity. Group II is mainly associated with stations localized in the western part from Al Hoceima to M’diq. This region is characterized by high concentrations of Chl-a, phosphates, nitrates, dissolved oxygen, and high mesozooplankton abundance.




3.4. Diversity, Biomass, and Abundance of Mesozooplankton


The most dominant groups in the study area were copepods and cladocerans with a relative abundance of 48.49% and 35.55%, respectively (Table 1). Appendicularia, Chaetognatha, Salpida, gastropod larvae, meroplankton larvae of crustaceans, and Siphonophora had low relative abundance (<6%).



The spatial distribution of biomass has created a division of the study area into two parts: the western part with high biomass and the eastern part with the lowest biomass (Figure 8), where the lowest value reached 7 mg.m−3 in the east and the highest value reached 788.7 mg.m−3 in the west of the study area.



The spatial distribution of total mesozooplankton abundance also highlighted two different zones: the western coast (from M’diq to Al Hoceima), characterized by high abundance with a maximum of 6300 ind.m−3 registered at Station 16 located in Al Hoceima Bay, and an eastern zone (from Al Hoceima to Saïdia) with low abundance (<1000 ind.m−3) (Figure 9a). The same distribution pattern was observed for copepod and cladoceran abundances, as they dominate the mesozooplankton community (Figure 9b). Appendicularia and Chaetognatha were fairly abundant throughout, with a peak at Station 16. Meroplankton mainly consisted of the larval stage of decapods and was mainly distributed in coastal stations in the western part of the study area. Salps were commonly found at most stations and occasionally found in large numbers (361 ind.m−3 at Station 16). The other groups were sparsely represented in the surveyed area.



Cladocerans were represented by three species with the absolute dominance of Penilia avirostris (81.93% of the total cladocerans abundance), which appeared over the whole area, with the maximum abundance at Station 21 (1852 ind.m−3). Evadne nordmanni and Podon leuckartii constituted 13.51% and 4.55% of the total cladocerans abundance, respectively (Table 2).



The copepod community was represented by 27 species with a high contribution (31.18% of total copepods) of Paracalanus parvus with the maximum abundance located at Station 16 (1229 ind.m−3), followed by Temora stylifera (14% of total copepods), Oncaea venusta (12.71% of total copepods), and Clausocalanus furcatus (8.25% of total copepods) (Table 3).



The species richness of copepods along the study area varied from 6 to 13 species. In general, the Shannon index (H’) was >1.5 bits ind−1, and the regularity (J) diversity index was >0.3 with few differences (Figure 10). The maximum values of H’ (2.8 bits ind−1) and J (0.45) were registered in the west at Station 29 (near the M’diq bay). The lowest diversity was observed at Station 14 (H’ = 1.35 bits ind−1 and J = 0.2), characterized by a quasi-dominance of P. parvus, which represented more than 58% of the total copepod population.




3.5. Mesozooplankton Community Structure


Cluster and NMDS analyses based on the zooplankton abundance matrix identified two groups of stations corresponding to two distinctive zooplankton communities (Figure 11 and Figure 12). The first group (G1), located mainly in the eastern part of the study zone (Al Hoceima to Saïdia) with the lowest abundance of zooplankton, and the second group (G2), including stations located in the western area between M’diq and Al Hoceima with a higher abundance of zooplankton. As indicated by both the cluster dendrogram and the NMDS ordination plot, Station 16 displayed considerable dissimilarity with G1 and G2. This station is located in Al Hoceima Bay and is characterized by the maximum zooplankton abundance.



The SIMPER analysis conducted on mesozooplankton abundance data reveals significant contributors to the dissimilarity between groups. In the overall dataset, prominent contributors to dissimilarity included species like Podon leuckartii, Penilia avirostris, Paracalanus parvus, Evadne nordmanni, and Appendicularia, each displaying distinct average values and squared distances (Table 4). Notably, Penilia avirostris and Paracalanus parvus stood out as the most substantial contributors to dissimilarity between eastern and western zones, showcasing average values of 117 and 95.2 ind.m−3, respectively, and squared distances illustrating their prominent role in delineating the dissimilarity between these regions. The dissimilarity between eastern and western groups was predominantly influenced by Penilia avirostris, representing 50.3% of the dissimilarity contribution, followed by Paracalanus parvus at 17.7%. Other species, such as Evadne nordmanni, Appendicularia, and Oncaea venusta, also contributed significantly to the dissimilarity between these zones, emphasizing their role in shaping the distinct mesozooplankton communities in the eastern and western coastal regions. The considerable dissimilarity in species abundance between these zones underscores the spatial heterogeneity and distinct ecological characteristics along the Moroccan Mediterranean coast.




3.6. Relationships between Mesozooplankton Community and Environmental Variables


Two environmental parameters had a significant influence (p < 0.05) on the mesozooplankton community, as they explained 18.2% of the variation (Table 5) using DistLM. These parameters were then used in the dbRDA to illustrate their impact on the mesozooplankton community distribution.



The primary axis of the dbRDA (Figure 13) explained 22.3% of the total variation but 64.5% of the fitted variation within the linear model created by DistLM to analyze the environmental variables. The secondary axis described 4.4% of the total variation and 12.8% of the fitted variation. The configuration of mesozooplankton stations on the graph suggests two gradients of variation. The first gradient was determined by the longitude, creating a western and an eastern part. The second gradient was determined by the salinity variable, which distinguishes between stations with high salinity in the east (Mediterranean water) and stations with lower salinity (Atlantic water) in the west.





4. Discussion


Yebra et al. [50] suggested that the hydrodynamics of the Alboran Sea constrain both the vertical and horizontal distribution of the zooplankton. This assumption concerning the horizontal distribution of zooplankton was confirmed in our study, as we found that the environmental parameters (temperature, salinity, nutrients, and Chl-a), as well as the qualitative and quantitative richness of the zooplankton, varied according to longitudinal and cross-shore gradients due to the interplay between rich Atlantic surface waters and deeper Mediterranean waters.



Based on the hydrological parameters of the surface layer and mesozooplankton biomass, in the sampled water column, we propose to divide the studied area into two regions: the western zone (from M’diq to Al Hoceima) and the eastern zone (from Al Hoceima to Saïdia). The western zone is characterized by high concentrations of phosphates, nitrates, Chl-a, and dissolved oxygen, and lower water temperature and salinity. In the eastern zone, the concentration of phosphates, nitrates, Chl-a, and dissolved oxygen were lower compared to the western zone and were characterized by high surface temperature and salinity. This division was also noticed when applying PCA analysis based on the structure of the mesozooplankton biomass in relation to the environmental parameters (Figure 7). The same subdivision as in the PCA seems to govern the mesozooplankton abundances when examining their geographic distribution (Figure 9).



The cluster groups from the cluster analysis (Figure 11) were more obvious in the NMDS analysis conducted on the mesozooplankton abundance, where the presence of a subdivision in the study area was clear as it showed a grouping of sites belonging to the western zone and another grouping belonging to the eastern zone of the study area (Figure 12). The same pattern of area division was shown when using total abundance (Figure 9a) and total biomass (Figure 8).



The mesozooplankton and copepod abundance and diversity and mesozooplankton species richness were different between offshore and coastal stations (Supplementary Figures S3 and S4). In particular, a great dissimilarity was found as expected between the coastal and offshore stations for abundance, with high abundance for both total mesozooplankton and copepods in the coastal area. The coastal region is enriched by river discharge from the continent, delivering nutrients that stimulate the phytoplankton growth to these marine ecosystems, favoring high abundance of mesozooplankton species, which are herbivores or omnivores (Johnson and Allen 2005) [51].



The zooplankton community of the western Moroccan Mediterranean coast is more abundant; this result has been confirmed by Berraho et al. (2016) [22], where they found high copepod abundances. High phytoplankton biomass [52] was also recorded in this zone. This could be due to the closeness to the Strait of Gibraltar, which creates hydrodynamic movements from the flow from the Atlantic Ocean (Atlantic jet stream). In particular, the highest mesozooplankton abundance observed west of Al Hoceima is associated with the well-defined maximum chlorophyll-a concentration measured. This feature is probably associated with the eastern side of the permanent WAG, which supplies rich, modified Atlantic waters from the Spanish coasts.



Anthropic factors may also locally enrich the coastal domain, such as the presence of industrial and agricultural effluents, unauthorized tourist dwellings, or the disappearance of wetlands due to agricultural, urban, and industrial development [53]. However, the influence of the water movements of the gyres and the water coming from the Atlantic jet stream [18] could be considered the dominant influencing factors. Bryden and Stommel (1982) [54] suggested that the existence of an energetic WAG promotes the ventilation of the western Mediterranean deep water across the Strait of Gibraltar. This finding was also confirmed by Naranjo et al. (2012) [55] and García Lafuente et al. (2017) [56] using long-term temperature data obtained across the seafloor of the Strait of Gibraltar. In addition, the presence of sub-mesoscale vortices across the gyres has been observed in a variety of studies [16,17,18]; these are the places of high biological productivity due to the large vertical velocities involved.



Regarding mesozooplankton composition, the eastern area was slightly more diverse than the western area of the studied coast with 25 groups and 19 groups of mesozooplankton, respectively. Our results showed that the Moroccan Mediterranean coast is dominated by copepods and cladocerans during summer over the other mesozooplankton groups, representing 48% and 35% of the total count, respectively. Several studies involving zooplankton sampling with mesh sizes ranging from 147 to 200 microns showed the dominance of copepods in different Mediterranean ecosystems greater than 60% in the eastern and western Alboran Sea [57,58,59]. The dominance of copepods was previously demonstrated in the Moroccan Mediterranean [22,30] and in the Moroccan Atlantic coasts [36,37,60,61], as well as in the Canary Current Large Marine Ecosystem (CCLME) region [38]. Although samples were collected in these areas using nets with different mesh sizes, copepod dominance remains significant and consistent across all these zones. This consistency may highlight the importance of considering mesh size variations, particularly if the mesh size is too small, which could lead to an underestimation of the abundance of larger zooplankton. A total of 27 copepod species were recorded during this study period with 14 common species found in each domain of the investigated area. Furthermore, two species were found only in the western zone (E. acuta and C. helgolandicus), and a single species (S. crassus) was found only in the eastern zone. Some species were recorded only in either the eastern or transition zones but not in the western zone, such as C. pavo and C. contractus. Some other species were observed only in the western and transition zones, such as C. arcuicornis and S. magnus. The influx of Atlantic water could explain the presence of some rare species of Atlantic origin, such as S. magnus, which was recorded at a few stations. Zaafa et al. (2012) [30] recorded 103 zooplankton species on both sides of the Strait of Gibraltar during 2006–2007, with 61.2% of them common in both Atlantic and Mediterranean waters, while 21.4% were endemic to the Atlantic Ocean and 17.5% were endemic to the Mediterranean. The flow of the surface Atlantic water toward the Mediterranean Sea caused more transference of zooplankton species than in the opposite direction through the Strait of Gibraltar [38].



In our study, the most abundant copepod species, such as P. parvus, T. stylifera, O. venusta, C. furcatus, O. plumifera, and E. acutifrons, were frequently found in the western Mediterranean. According to Siokou-Frangou et al. (2010) [18], Zaafa et al. (2012) [30], and Berraho et al. (2016) [22], the dominance of small copepods, such as Clausocalanus, Calocalanus, Oithona, Oncaeidae, and Corycaeidae, represents the key feature of the structure of the mesozooplankton community in the Mediterranean Sea with an important contribution to species abundance and diversity of the zooplankton community, especially in the western zone [62]. Berraho et al. (2016) [22] also found that two species, P. parvus and O. nana, dominated the copepod community in April 2013 along the Moroccan Mediterranean coast.



The SIMPER analysis conducted on mesozooplankton abundance data from the Moroccan Mediterranean coast highlighted key species contributing to the dissimilarity between eastern and western coastal zones. Notably, species like Penilia avirostris and Paracalanus parvus emerged as pivotal contributors to the observed differences in mesozooplankton communities between these regions (Table 5). Penilia avirostris, specifically, accounted for 50.29% of the dissimilarity between eastern and western groups, emphasizing its substantial role in delineating distinct ecological patterns along the coast. This finding echoes previous studies, emphasizing the influence of hydrological gradients in shaping mesozooplankton distribution along coastal regions [63]. Additionally, Paracalanus parvus contributed significantly (17.69%) to the dissimilarity between zones, underlining its importance in characterizing the distinct mesozooplankton communities in these coastal areas during summer. These findings corroborate the significance of specific zooplankton species, such as Penilia avirostris and Paracalanus parvus, in reflecting the spatial heterogeneity of the Moroccan Mediterranean coast, indicating the influence of environmental parameters in structuring zooplankton communities [64].



Our study highlights the substantial influence of hydrological factors (e.g., longitude and surface salinity) on the complex structure of mesozooplankton communities along the Moroccan Mediterranean coast, aligning with prior research and emphasizing the pivotal role of environmental parameters in shaping these communities [64,65]. The observed longitudinal gradient likely stems from the intricate hydrodynamics within the Alboran Sea, where interactions between Atlantic and Mediterranean water masses generate pronounced environmental variations that intricately influence zooplankton distribution [18,66]. Moreover, the discernible differences in zooplankton communities linked to surface salinity variations between Mediterranean and Atlantic water stations echo previous findings, highlighting salinity as a primary determinant of zooplankton distribution and abundance [63,67]. Our analyses, particularly the DistLM and dbRDA, collectively demonstrate that longitude and surface salinity accounted for substantial variations in mesozooplankton abundance, reaffirming the significance of these factors in shaping the zooplankton distribution in marine ecosystems [68,69,70]. These findings accentuate the necessity for further investigations to elucidate the complicated intricate relationships between environmental parameters and zooplankton abundance within the Moroccan Mediterranean region.




5. Conclusions


This study highlighted large-scale spatial mesozooplankton distribution, diversity, and abundance, along with environmental parameters, across a large zone of the southern Mediterranean coast close to the Strait of Gibraltar, where such data are dramatically lacking. The results clearly showed the presence of a major longitudinal gradient, both physicochemically and biologically. The western zone (M’diq to Al Hoceima) was characterized by low temperatures and salinities and a high abundance of mesozooplankton, particularly copepods, with the highest nutrient levels. The eastern zone exhibited relatively high temperatures and salinities, low nutrient levels (PO4− and NO3−), and significantly lower abundance of total mesozooplankton and copepods. Under the influence of both the Atlantic jet stream and the WAG, physicochemical parameters (temperature and salinity) appeared to be the main driving factors for shaping the mesozooplankton characteristics. To a lesser degree, phytoplankton could be also included in those factors. In this study, mesozooplankton sampling was conducted during a single period of time during the summer season. While this approach provided valuable insights into the community structure and environmental interactions during this peak period, it essentially limits our understanding of the temporal variability and dynamics of these communities. Mesozooplankton populations are known to exhibit significant seasonal fluctuations influenced by environmental changes such as temperature, food availability, and predation pressures. Consequently, the results presented here might not express the full range of annual mesozooplankton diversity and abundance. Further studies should consider multiple sampling periods throughout different seasons to capture a more comprehensive picture of these dynamic communities and to assess the reproducibility of our findings under varying environmental conditions.
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Figure 1. Sampling area and position of stations in the Moroccan Mediterranean Sea. Alboran gyres (WAG, CCG, and EAG) are represented by the gray arrows. 
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Figure 2. Distribution of the surface (a) temperature (°C) and (b) salinity (psu). 
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Figure 3. Distribution of surface nutrients: (a) phosphates (PO4), (b) nitrates (NO3), and (c) silicates (Si) in µM. 
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Figure 4. Distribution of surface chlorophyll-a (µg L−1). 
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Figure 5. Distribution of surface dissolved oxygen (mL L−1). 
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Figure 6. Vertical distribution of temperature (T in °C) and salinity (psu) of representative coastal and offshore stations. 
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Figure 7. Two-dimensional PCA ordination of environmental variables: sea surface temperature (SST), sea surface salinity (SSS), dissolved oxygen (O2), nitrate (NO3−), phosphate (PO4−), chlorophyll-a surface concentration (Chl-a), and zooplankton wet weight biomass (ZPK-biomass). PC1 and PC2 account for 56.5% of the total variance. 
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Figure 8. Spatial distribution of total mesozooplankton wet biomass (mg.m−3) eastward. 
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Figure 9. Spatial distribution of (a) total mesozooplankton abundance (ind.m−3) eastward and (b) the abundances of total mesozooplankton, copepods, and Cladocera along the study area. CTF stands for Al Hoceima. 
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Figure 10. Spatial variation of copepod diversity indices: Shannon index (H’) and Pielou index (J). 
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Figure 11. Dendrogram for hierarchical clustering of the zooplankton sampling stations, using group-average linking of Euclidean distance calculated on fourth root transformed abundance data. 
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Figure 12. Non-metric multidimensional scaling (NMDS) of the spatial variation in the structure of the mesozooplankton communities in the study area. 
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Figure 13. Result of the distance-based redundancy analysis (dbRDA) showing the effect of the spatial variation in zooplankton community structure related to the predictor variables selected through the best linear models based on distance (DistLM). 
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Table 1. Relative species abundance (Pi %) of mesozooplankton groups.
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	Groups
	Pi





	Amphipoda
	0.07



	Annelida
	0.1



	Appendicularia
	5.3



	Chaetognata
	3.6



	Cladocera
	35.6



	Copepoda
	48.5



	Meroplankton larvae of crustaceans
	1.5



	Foraminifera
	0.004



	Echinodermata larvae
	0.01



	Gastropod Veliger
	1.6



	Ostracoda
	0.1



	Radiolaria
	0.3



	Salpida
	1.9



	Siphonophora
	1.4










 





Table 2. Relative abundance (Pi %) of cladoceran species.
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	Species
	Pi





	Evadne nordmanni (Lovén, 1836)
	13.51



	Penilia avirostris (Dana, 1849)
	81.93



	Podon leuckartii (G.O. Sars, 1862)
	4.55










 





Table 3. Relative abundance (Pi %) of copepod species.
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	Species
	Pi





	Acartia clausi (Giesbrecht, 1889)
	3.07



	Calanus helgolandicus (Claus, 1863)
	0.10



	Calocalanus contractus (Farran, 1926)
	0.12



	Calocalanus pavo (Farran, 1926)
	0.10



	Centropages typicus (Krøyer, 1849)
	0.08



	Clausocalanus arcuicornis (Dana, 1849)
	0.43



	Clausocalanus furcatus (Brady, 1883)
	8.25



	Eucalanus elongatus (Dana, 1848)
	3.44



	Euchaeta acuta (Giesbrecht, 1893)
	0.93



	Euterpina acutifrons (Dana, 1847)
	6.40



	Farranula rostrata (Claus, 1863)
	1.82



	Macrosetella gracilis (Dana, 1846)
	0.12



	Microsetella norvegica (Boeck, 1865)
	0.24



	Oithona nana (Giesbrecht, 1893)
	2.71



	Oithona plumifera (Baird, 1843)
	6.71



	Oncaea curta (Sars G.O., 1916)
	1.59



	Oncaea venusta (Philippi, 1843)
	12.71



	Paracalanus parvus (Claus, 1863)
	31.18



	Pseudocalanus elongatus (Brady, 1865)
	3.65



	Rhincalanus nasutus (Giesbrecht, 1888)
	0.40



	Sapphirina intestinata (Giesbrecht, 1891)
	0.65



	Saphirina sp. (Thompson, J.V. 1829)
	0.21



	Spinocalanus magnus (Wolfenden, 1904)
	0.12



	Subeucalanus crassus (Giesbrecht, 1888)
	0.02



	Subeucalanus monachus (Giesbrecht, 1888)
	0.02



	Temora longicornus (Müller, 1785)
	0.78



	Temora stylifera (Dana, 1849)
	14.00










 





Table 4. Distance-based linear model (DistLM) between mesozooplankton abundance, against environmental variables. Pseudo-F—multivariate analog to Fisher’s F test; P—significant p-values; Prop—proportion of variance explained by each predictor variable.
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	Variable
	Pseudo-F
	P
	Prop





	LongE
	6.4673
	0.001
	0.18235



	Depth
	1.4828
	0.134
	4.8643 × 10−2



	TSS
	1.6235
	0.094
	5.3013 × 10−2



	SSS
	5.4289
	0.001
	0.15768



	O2
	2.6177
	0.088
	5.2836 × 10−2



	Chl-a
	1.7809
	0.058
	5.7859 × 10−2










 





Table 5. SIMPER analysis results of the mesozooplankton community between the east and west. Av. Value—average abundance; Contrib%—percentage of contribution; Cum.%—cumulative percentage of contribution.
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Group East

	
Group West

	

	




	
Variable

	
Av. Value

	
Av. Value

	
Contrib%

	
Cum.%






	
Penilia avirostris

	
117

	
663

	
60.90

	
60.90




	
Pracalanus parvus

	
95.2

	
307

	
15.19

	
76.09




	
Evadne nordmanni

	
29

	
101

	
5.30

	
81.39




	
Appendicularia

	
25.7

	
117

	
3.78

	
85.17




	
Oncaea venusta

	
13.7

	
146

	
3.46

	
88.63




	
Temora stylifera

	
43.2

	
137

	
3.36

	
91.99
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