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Anthropogenic activities have been on the increase in the urban environment and have led to contamination of the environment with toxic metals. However, mangrove plants’ response to heavy metal stress due to anthropogenic activities explains the metal bioavailability and its potential ecotoxicological effect. We carried out a multi-approach study to investigate i) if the concentrations of metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Pb, Sr, and V) in mangroves at the central Red Sea are due to the anthropogenic influence and are above the sediment quality guidelines and ii) if an increase in metal concentration influences height and antioxidant enzyme (catalase, CAT; glutathione S-transferase, GST; and superoxide dismutase, SOD) activities in Avicennia marina. There were significant variations (p < 0.05) in metal concentrations and antioxidants across the six mangrove ecosystems with higher concentrations at Al Lith (LT) and south Jeddah (SJ). Even though the concentrations of metals in mangrove leaves are slightly higher in LT than SJ, principal component analysis showed that higher concentrations of Cr, Co, Zn, Cd, and Pb in mangrove leaves from SJ influence higher antioxidant enzyme activities and the lowest average mangrove height (2.01 m). This suggests that higher metal concentrations be factors for the biggest stress in these mangrove ecosystems. However, among the 13 metals, Cr (82.07 mg/kg), Cu (41.29 mg/kg), and As (10.30 mg/kg) in sediments have values within the ERL range of probable effect, while Ni (53.09 mg/kg) was above the ERM threshold. Hence, there is need to focus on monitoring these metals in mangrove sediments and their anthropogenic sources.
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INTRODUCTION
Anthropogenic activities have been on the increase in the urban environment and have led to contamination of the environment with pollutants such as toxic metals (Song et al., 2014; Bakshi et al., 2018; Aljahdali and Alhassan, 2020a; Aljahdali and Alhassan, 2020b). Heavy metals get into the coastal environments with ease, settling in benthic sediment with the tendency to become persistent and accumulate in bio-systems, leading to physiological changes (Zhou et al., 2008; Aljahdali and Alhassan, 2020c). Pollution, habitat degradation, and overexploitation of natural resources are intensive anthropogenic activities that negatively affect biodiversity and ecosystem services (Ruiz-Compean et al., 2017). Stressors of anthropogenic origin in coastal environmental degradation, such as high concentrations of toxic metals from the urban environment, can accumulate in benthic sediment (Van der Oost et al., 2003). However, identification of pollutant sources is achieved using sediments to determine pathways of distribution and locate sinks of pollutants in the aquatic environment (Ruiz-Compean et al., 2017; Aljahdali and Alhassan, 2020a; Aljahdali and Alhassan, 2020d). This is achieved due to the vital role of benthic sediment in pollutants’ dynamics (Aljahdali et al., 2021b).
Mangroves are unique intertidal ecosystems distributed on a large area of the marine environment in tropical and subtropical regions of the world (Wang et al., 2013a; Chaudhuri et al., 2014). They have the function of protecting the coastlines against harmful effects of natural disasters such as erosion, flood, and storm surges (Zhang et al., 2012). However, the threat to mangrove ecosystems has been on the increase due to anthropogenic chemicals from the ever-increasing industrialization and urbanization centered on population growth (Polidoro et al., 2010; Chaudhuri et al., 2014). Mangrove plants such as Avicennia marina can be used to remove contaminants from the sediment; this is known as green remediation used widely in most developing parts of the world (Nouri et al., 2017; Almahasheer et al., 2018). Mangroves play a vital role in removing contaminants from sediments, leading to improved sediment quality in coastal ecosystems due to their ability to grow in chemical-polluted coastal environments (Chai et al., 2019). The efficiency of mangrove ecosystems in metal bioaccumulation and the ability to trap sediments leading to increased sediment accretion have an influence on metal filters and sinks in mangroves in coastal environments (Wang et al., 2013b; Marchand et al., 2016). However, the justification of mangroves as a bio-indicator of metal pollution points to their ability to accumulate various metal concentrations in leaves which correlates with that of sediments and other components of the environment (Pinheiro et al., 2012; Aljahdali and Alhassan, 2020a).
Efficient bio-monitoring of metal stress has been reported in mangroves due to their robust potential of antioxidant enzyme activity during utilization of defense systems, either enzymatic or non-enzymatic, for survival in environments polluted with metals (Bakshi et al., 2018; Aljahdali and Alhassan, 2020d). The specific physiological response in mangroves involves the production of reactive oxygen species (ROS), malondialdehyde (MDA), and antioxidants such as catalase (CAT), superoxide dismutase (SOD), and glutathione S-transferase (GST), among others. They are used as biomarkers of changes in the pristine nature of the environment, plant physiology, and oxidative stress due to metal pollution (Duarte et al., 2013; Aljahdali and Alhassan, 2020b; Aljahdali and Alhassan, 2020c).
Studies in the central Red Sea mangroves on contaminant levels using sediment quality guidelines and antioxidant enzyme activities as biomarkers of stress are few. In addition, the nonexistence of a monitoring framework presently for contaminants in the central Red Sea due to anthropogenic activities is of major concern. Here, we test the hypotheses that i) metal concentrations in mangroves at the central Red Sea are due to the anthropogenic influence and are above the sediment quality guidelines and ii) the increase in metal concentration influences mangrove height and antioxidant enzyme activities in A. marina. An essential function of antioxidants is to prevent oxidative damage of cells in bio-systems by scavenging ROS produced during stress conditions (Luo and Gu, 2018; Farzana et al., 2019; Aljahdali and Alhassan, 2020a; Aljahdali et al., 2021b). This research aims to establish how anthropogenic activities and metal concentrations interact to cause stress in mangroves. Our research would help design the appropriate management and monitoring policies to conserve this unique and vital ecosystem.
MATERIALS AND METHODS
Study Area
The Red Sea comprises about 135 km2 area of mangroves distributed up to the northern boundary of mangroves at 28.207302oN. The central Red Sea is in an arid environment possessing high temperature and sparse rainfall; the mean annual (sporadic) rainfall in the Jeddah region is 55 mm (Aljahdali et al., 2021a). Some mangrove habitats of the Saudi Arabian Red Sea develop as a narrow fringe that could support halophytes located along the shore and adjacent to sand flats that may sometimes be flooded (Almahasheer et al., 2016; Rasul and Stewart, 2018).
The sampling locations (Figure 1) in this study were chosen based on the spatial distribution of mangroves and anthropogenic activities. Precisely, six mangrove stands were chosen, which include the following: Al Lith (LT) (20°08ʹ∼18.7''ʺN, 40°16ʹ∼41.74ʺE): production and extraction of living resources (huge aquaculture industry and fishing) and extraction of non-living resources (capital dredging); south Jeddah (SJ) (20°15ʹ∼43.92ʺN, 40°25ʹ∼11.37ʺE): high population with over 3 million inhabitants, extraction of natural resources (fishing) and main seaport, power plant, recreation, and tourism activities, and dredging for maintenance; Dahban (DB) (21°59ʹ∼05.1ʺN, 38°58ʹ∼42.9ʺE): recreation-like activities in the catchment and fishing in the mangroves; Thuwal Island (TH) (22°16ʹ∼36.99ʺN, 39°05ʹ∼00.34ʺE): tourism or recreation, fishing, and desalination plant; Rabigh Lagoon (RB) (22°53ʹ∼51.86ʺN, 38°55ʹ∼13.25ʺE): large petrochemical complex at the catchment (refinery), receives land runoff passing through agricultural fields, stagnant water due to decreased circulation, and livestock activities such as camel grazing; and Mastorah (MA) (23°07ʹ∼46.49ʺN, 38°47ʹ∼56.99ʺE): absence of anthropogenic source of chemical pollution but ∼50 km to the north is an industrial activity.
[image: Figure 1]FIGURE 1 | Map showing six mangrove ecosystems in central Red Sea, Saudi Arabia. LT: Al Lith; SJ: south Jeddah; DB: Dahban; TH: Thuwal; RB: Rabigh; MA: Mastorah.
Sample Collection and Chemical Analysis
Samples of matured leaves of A. marina mangroves and surface sediments (0–20 cm) were collected from six mangrove stands at LT, SJ, DB, TH, RB, and MA. Leaves and sediments from the mangrove ecosystems were sampled twice monthly, from May 2019 to April 2020. Sediments were sampled using a Van Veen grab of 250 cm2. Leaves were collected from 15 mangrove trees in each of the mangrove stands together with 15 surface sediment samples, placed in clean zip-lock bags inside an ice cooler box, and were conveyed to the laboratory.
All leaf samples were washed with deionized water and oven-dried at 40°C for 48 h, ground into powder using an agate mortar and pestle, and passed through a 53 μm sieve. 0.2 g of the ground and sieved leaf sample was digested in HNO3 and H2O2 (3:1) at 180°C for 45 min.
For sediment samples, 0.4 g of dried sediments was weighed and placed into a 50 ml digestion vessel, and 8 ml of HNO3: HCl (1:1) was added. The vessel was kept inside an Anton-Paar PE Multiwave 3000 microwave oven and digested at 200°C for about 1 h (USEPA, 1994). The vessel was filled by adding ultrapure Millipore Q water and placed on a shaker for 24 h.
The GF/F filter (Whatman) was used to filter the solution obtained from digested leaf and sediment samples, and later, metal concentrations were analyzed in the filtrates using a Varian 720-ES inductively coupled plasma-optical emission spectrometer (ICP-OES). The quality of the analytical method was verified using the standard reference material GSS-1 for sediments and GSV-2 for leaves. The accuracy of the analytical method was stated as recovery in percentage (93.19–119.45%) (Supplementary Table S1). For precision and accuracy of analysis, 10% of samples were repeatedly analyzed for every analytical batch. The preparation of calibration standard solutions was achieved by diluting ICP multi-element standard solutions IV and IX (Merck, Germany). In addition, 2% HNO3 solution was used as blank.
Grain Size Analysis
Oven-dried (40°C) sediment samples were weighed to determine the total dry weight. To facilitate the disintegration of solidified aggregates, distilled water was used to soak the dried sediments overnight. The sediments were then washed and made to pass through 0.063 and 2 mm sieves to separate fractions of gravel (>2 mm), coarse grain (0.063∼2 mm), and mud (clay and silt, <0.063 mm). The different sediment grain size percentages were then determined after the residue fractions were dried at 40°C and weighed (Prasad and Ramanathan, 2008).
Sediment Quality Index and Guidelines
The sediment quality index used was the enrichment factor (EF) as described by Abrahim and Parker (2008) using the following formula:
[image: image]
Here, Fe (iron) is used as the sample reference metal, Mx and Fex are the concentrations of metals and Fe (iron) in sediments, and Mb and Feb are suitable background concentrations of metals and Fe (iron). The classification of the metal contamination level is presented in Supplementary Table S2.
The sediment quality guidelines (Long et al., 1995) were used for comparison with our results. They comprise two types of guidelines, namely, effects range low (ERL) and effects range median (ERM), and describe three classes of concentration ranges for a specific pollutant. The values of pollutants/metals less than ERL imply a minimal-effects range. Values greater than or equal to ERL but less than ERM imply a possible-effects range in which effects will sometimes occur, while the values of pollutants greater than or equal to ERM imply a probable-effects range in which the effects of pollutants would always occur.
Bioaccumulation of Metals in Mangrove A. marina
To determine metal bioaccumulation in A. marina leaves, the bio-concentration factor (BCF) was computed to reveal the capacity of the plant to accumulate pollutants/metals using the following formula:
[image: image]
where Cleaf and Csediment are concentrations of a given element in leaves and sediments.
Assay of Catalase, Glutathione S-Transferase, and Superoxide Dismutase in A. marina
The leaf samples were washed with distilled water to remove debris and then pulverized using an ice-cold mortar and pestle with 0.01 M phosphate buffer (pH 7), and then centrifugation was performed at 14,000 rpm at 4°C for 24 min (Bakshi et al., 2018; Aljahdali and Alhassan, 2020a). After centrifuging, the supernatant was used to measure antioxidants on a Labtronics spectrophotometer (Model: LT-291 Single Beam UV-VIS).
The assay of CAT was carried out by using the reaction mixtures containing 0.01 M phosphate buffer, 30 mM hydrogen peroxide, and the enzyme extract. Activities were measured at an absorbance of 230 nm for 2 min in μmol/min/mg protein (Chandlee and Scandalios, 1984).
The reaction mixture containing 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), 0.1 M potassium phosphate buffer of pH 6.5, 1–40 mM GSH, and 100 μl of leaf extracts in a total volume of 1 ml was used for the assay of GST. GST was measured at 340 nm per min after GS-DNB production and recorded with a spectrophotometer at 25°C (Habig et al., 1974).
The protocol proposed by Keyster et al. (2012) was used for the assay of SOD. 10 μl of the enzyme extract was added to a reaction mixture containing 0.1 mM xanthine, 6.25 nM xanthine oxidase, 50 mM K2HPO4 of pH 7.8, 0.1 mM EDTA, 0.025% (w/v) Triton X-100, and 0.1 mM 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1). The SOD activity was measured on a spectrophotometer at an absorbance of 450 nm at 37°C for 20 min. The specific activity was recorded in units/mg protein, where 1U of enzyme activity = enzyme concentration required to avoid 50% production of chromogen under conditions of the assay for 1 min.
Data Analysis
Homogeneity of variance and a test of normality were carried out using Levene’s homogeneity of variance and Shapiro–Wilk tests. One-way analysis of variance (ANOVA) was used to determine significant variations in metal concentrations in sediments and leaves of A. marina, sediment grain sizes, and antioxidants across the six mangrove stands. Tukey’s post hoc test was used for mean separation at a 5% significant level where statistical significance was recorded. Dimensional principal component analysis (PCA) was used to determine the influence of sediment grain sizes on metal concentrations in sediments and the influence of metals on A. marina height and antioxidants. The correlation heat map/matrix was used to test the relationship between metals in sediments and leaves of A. marina. Data analysis was achieved using R for Windows (v. 4.0.3).
RESULTS
Variability of Particle Size and Metal Concentration in Sediments
The grain size of sediments varies significantly (ANOVA, p < 0.05) among the six mangrove stands. The coarse grain (0.063–2 mm) type ranged from 45.50% at Rabigh (RB) to 88.83% at south Jeddah (SJ), the lowest percentage of clay and silt particles was recorded at SJ (10.53%), while gravels ranged from 0.20% at RB and Dahban (DB) to 0.63% at SJ (Table 1).
TABLE 1 | Heavy metal concentrations, sediment quality guidelines, and grain sizes.
[image: Table 1]A significant difference in sediment grain size types was observed among the study sites (Table 1). The highest clay and silt grain size type was recorded at RB (54.29%), about fivefold than SJ with the lowest clay and silt grain size type. However, coarse (88.83%) and gravel (0.63%) sediment grain sizes at SJ were the highest among the study sites but not substantially different from the percentage coarse sediment type at LT. In addition, the lowest percentage of coarse (45.50%) sediment and gravel (0.20%) was revealed in RB mangrove ecosystems, while RB clay and silt particles’ percentage was only about 1.19 times its coarse sediment particles (Table 1).
The mean concentrations of metals in sediments in this study showed a substantial wide range of variations among the six mangrove stands under study (Table 1). In total, the average of mangrove stands’ metal concentrations was low compared to international thresholds. However, the concentrations were higher than those reported by the Environmental Protection and Control Department of Saudi Arabia (EPCDSA, 2010) except for Cd and Pb (Table 2). The average concentrations of 13 metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Pb, Sr, and V) (mg/kg) in sediments analyzed in this study significantly (ANOVA, p < 0.05) differed among mangrove stands. In addition, LT and SJ mangrove stands recorded higher concentrations of metals than DB, Thuwal (TH), RB, and Mastorah (MA), except for concentrations of Fe (2,583.47 mg/kg) and As (13.81 mg/kg), Mo (1.42 mg/kg), and Sr (7,715.28 mg/kg) recorded at MA, DB, and TH, respectively (ANOVA, p < 0.05) (Table 1). Specifically, concentrations of Cr, Mn, Co, Ni, Cd, Pb, and V were significantly higher in LT sediments than the other mangrove sediments but not far from concentrations in SJ. A strong positive correlation existed between eight metals (Cd, Cu, Pb, Cr, V, Mn, Co, and Ni) in mangrove sediments (Figure 2A). The dimensional principal component analysis at 95% confidence interval revealed the influence of sediment grain size on metal concentrations (Figures 3A,B). Dimensions 1 and 2 with the highest variation accounted for 47.3 and 22.3% of the total variation, with clay and silt sediment grain size influencing all the metals except Mo and Sr, which were influenced by coarse sediments and gravels. All the sediment grain size types and metals had high contribution to the total variation except Fe, Zn, Mo, and As (Figure 3A). However, LT and RB form no cluster with other study areas based on grain size types and sediment metal concentrations (Figure 3B).
TABLE 2 | Maximum levels of metals (mg/kg) allowed by environmental departments in several countries.
[image: Table 2][image: Figure 2]FIGURE 2 | Correlation (r) matrix for metal concentrations in the sediment (A), leaves (B), and between metals in sediment and leaves (C).
[image: Figure 3]FIGURE 3 | Principal component analysis for the relationship between metal concentrations in sediments and grain sizes. (A) Contribution to dimensions and total variation and (B) biplot. Key: CS, coarse sand; CSTP, clay and silt particles; G, gravels; 1, Al Lith; 2, south Jeddah; 3, Dahban; 4, Thuwal; 5, Rabigh; 6, Mastorah.
Anthropogenic activities and factors influencing them such as dredging, extraction of living resources (fishing), tourism and recreational activities, grazing by camels, agricultural activities, human population, and industrialization were recorded and vary from one mangrove ecosystem to another. However, PCA at 95% confidence interval with components 1 and 2 accounting for 66.5% of the total variation revealed human population, industrialization, extraction of living resources, dredging, and agricultural activities to influence Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and V concentrations (Figures 4A,B). Factors such as human population, industrialization, agricultural activities, and extraction of living resources had a higher contribution to the total variation (Figure 4A).
[image: Figure 4]FIGURE 4 | Principal component analysis for the relationship between metal concentrations and anthropogenic activities. (A) Contribution to dimensions and total variation and (B) biplot. Key: POP, human population; DRG, dredging; ELS, extraction of living resources (fishing); TRE, tourism and recreation; LVA, livestock activities; AGA, agricultural activities; IDA, industrialization; 1, Al Lith; 2, south Jeddah; 3, Dahban; 4, Thuwal; 5, Rabigh; 6, Mastorah.
Sediment Enrichment Factor and Quality Guidelines
In total, the six mangrove ecosystems are extremely enriched with Sr (≥40), and significant enrichment (5–19.99) of sediments with Mn, Cu, Zn, Cd, Cr, Ni, As, Mo, and V was also established. In contrast, the mangrove stands were moderately enriched (2–4.99) with Pb (Figure 5A). The concentrations of Cr in LT and SJ were above the ERL threshold but lower than ERM. Similarly, the concentrations of Cu and As at LT were above the ERL threshold but fell between ERL and ERM. In addition, Ni concentration at LT was above the ERM threshold (Table 1).
[image: Figure 5]FIGURE 5 | Metal enrichment factor (A) and bioconcentration factor (BCF) for metal concentrations in six mangrove ecosystems (B).
Metals in A. marina Leaves
The average concentrations of heavy metals determined in A. marina leaves were significantly (ANOVA, p < 0.05) different across the six mangrove stands (Table 3). Similar to concentrations in sediments, metal concentrations were higher in LT and SJ except for Cu (5.28 mg/kg) and Mo (0.39 mg/kg), Sr (95.37 mg/kg), and Fe (1,595.18 mg/kg) and V (7.60 mg/kg) at DB, TH, and MA, respectively (Table 3). A strong correlation was formed between only Fe and V in leaves (Figure 2B). However, for correlation between metals in leaves and sediments combined, Cu, Pb, Cr, V, Mn, Co, and Ni formed a strong positive correlation (Figure 2C). In addition, the BCF of metal concentrations was low and 1/2 the concentrations in sediment, except for Cr, Co, As, and V where concentrations were almost 1/4 of the sediment concentrations, while Sr concentration in leaves was even 1/30 of the concentration in sediments. This suggests that Sr concentration in sediments was about 30 times the concentration in mangrove leaves (Figure 5B).
TABLE 3 | Heavy metal concentrations and antioxidant enzyme activities in mangrove A. marina.
[image: Table 3]Antioxidants and Mangrove Height
The activities of three antioxidant enzymes (CAT, GST, and SOD) used as biomarkers of oxidative stress in A. marina vary significantly (ANOVA, p < 0.05) across the six mangrove stands in the central Red Sea (Table 3). The highest concentration of CAT (9.20 μmol/mg protein), GST (60.27 μmol/mg protein), and SOD (7.40 μmol/mg protein) was recorded at SJ and corresponded to the lowest average mangrove height (2.01 m), which was not much different from the average mangrove height (2.05 m) at LT. In contrast, the lowest activities of CAT (5.35 μmol/mg protein) and GST (9.80 μmol/mg protein) were at TH, and lowest activities of SOD (3.56 μmol/mg protein) were recorded at DB. At 95% confidence interval, dimension-based PCA for antioxidants, mangrove heights, and metals revealed dimensions 1 and 2, accounting for 39.4 and 26.7% of the total variation (Figures 6A,B). It also revealed a strong negative relationship between mangrove height (r = −0.7589) and the antioxidant enzymes (CAT, GST, and SOD) (Figure 6B). In addition, Pb (r = 0.8601), Co (0.8206), and Zn (0.8126) concentrations in leaves appear to influence antioxidant enzymes than any other metals in A. marina. However, Fe, Cd, V, Co, Zn, Pb, Cr, and Ni, together with antioxidants and mangrove height, have a higher contribution to the dimensional variation (Figure 6A). In terms of antioxidants and metals in leaves, clusters were formed between SJ and LT, and DB and TH, while RB and MA stand separately, forming no cluster with any study area (Figure 6B). However, Pb appears to be the biggest cause of antioxidant activities at SJ and LT and influencing their mangrove height.
[image: Figure 6]FIGURE 6 | Principal component analysis for the relationship between metal concentrations and antioxidants in the mangroves. (A) Contribution to dimensions and total variation and (B) biplot. Key: CAT, catalase; GST, glutathione S-transferase; SOD, superoxide dismutase; MH, mangrove height; 1, Al Lith; 2, south Jeddah; 3, Dahban; 4, Thuwal; 5, Rabigh; 6, Mastorah.
DISCUSSION
The concentrations of heavy metals determined in this study for A. marina leaves and sediments in six mangrove stands located in the central Red Sea revealed low to moderate concentrations when compared to earth crust average values (Taylor and McLennan, 2001), enrichment factor (Abrahim and Parker, 2008), sediment quality guidelines (Long et al., 1995), and reported concentrations in other studies from mangrove ecosystems (Abu-Hilal and Badran, 1990; Carral et al., 1996; Buccolieri et al., 2006; Chaudhuri et al., 2014; Song et al., 2014; Almahasheer, 2019) (Table 4). However, sediments were extremely enriched with Sr (Abrahim and Parker, 2008). Similar concentrations of heavy metals to the concentrations in this present study except V were also reported from other locations in central Red Sea and northern and southern parts of the Red Sea (Hanna, 1992; Fowler et al., 1993; Badr et al., 2009; Soliman et al., 2015; Abu-Zied and Hariri, 2016; Youssef and El-Sorogy, 2016; Ruiz-Compean et al., 2017; Almahasheer et al., 2018). This suggests that the six mangrove ecosystems investigated in this study might not be under severe heavy metal pollution despite the different anthropogenic activities going on in these ecosystems and their catchment.
TABLE 4 | Comparison of metal concentrations to those in other studies in the Red Sea and some reference studies from other parts of the world.
[image: Table 4]Impacts of Anthropogenic Activities on Metal Concentrations in Sediments
The connection between heavy metal contamination in the mangrove stands investigated in this study and anthropogenic sources was not too apparent in some sites sampled. However, metal contamination in south Jeddah (SJ) mangrove stands to some extent showed a relationship with anthropogenic activities (Figure 4B). Together with Al Lith (LT) mangrove stands, high concentrations of Pb, Cd, and Cr could be linked to industrial activities located in this region of the kingdom. This could give an insight into a strong positive correlation (r = 0.7542) between industrialization as an anthropogenic activity and metals such as Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and V (Figure 4A). Elsewhere, in the shoreline of Red Sea, higher concentrations of Cr and Pb were recorded in Jeddah, Cr concentration in our study is about 1.6 times the Cr concentration (50 mg/kg) reported, while Pb concentration in our study is about 1/7 of the concentration (64 mg/kg) reported (Abu-Zied and Hariri, 2016). This suggests more concentration of Pb in Jeddah than only south Jeddah but higher concentrations of Cr in south Jeddah. In contrast to our findings at LT, lower contamination of metals was reported (Abu-Zied and Hariri, 2016). Contamination of the Red Sea by metals has been reported to be influenced by increased population and discharge of industrial effluents (Ruiz-Compean et al., 2017). Precisely, metals such as Pb, Cd, Ni, and Cr originate from different industrial waste (Häder et al., 2020). Though, factors such as runoff passing through agricultural fields and other contaminated urban environments into the sea and metals from transportation emission from ships are serious sources of metal contamination in the marine environment (Christophoridis et al., 2019). Undeniably, various studies on mangrove metal contamination were carried out in environments close to anthropogenic sources and in shoreline areas where there is a probability of high metal contamination (Badr et al., 2009; Ruiz-Compean et al., 2017). The sampling sites, different locations of sampling, and the wider area of sampling in our study could form a key reason for the differences between our results and other previous studies (Badr et al., 2009; Almahasheer, 2019). For instance, Badr et al. (2009) carried out their study on metal contamination in three coastal areas of the Red Sea. They sampled near commercial and industrial facilities, while Youssef and El-Sorogy (2016) investigated a single lagoon in the central Red Sea. In contrast, we covered a broader area, considering six major mangrove ecosystems in the central Red Sea because of the objectives of our study. Hence, there is a possibility to observe variations between our results and those of the authors mentioned earlier.
Relatively high concentrations of metals such as As, Ni, Cr, Cd, Fe, and Pb at Dahban (DB), Thuwal (TH), Rabigh (RB), and especially at Mastorah (MA) without clear cut sources of pollution, industries, and low human population, can be associated with the role of dust and vegetated habitats in settling and accumulation of contaminants (Guo et al., 2014; Al-Taani et al., 2015; Richir et al., 2015; Bonanno and Di Martino, 2016). Concentrations of some nutrients and metals such as iron in the ocean have been linked to contributions by dust (Goudie, 2009). In addition, sandstorms are common in Saudi Arabia, influence the weather of the kingdom, and favor transportation of metals (Maghrabi et al., 2011). The geomorphological factors that may include regional siltation, sedimentation, tidal hydrodynamics, and sediment grain size have also been known to play a crucial role in the distribution of metal concentration (Agah et al., 2016; Bakshi et al., 2018). This explains the influence of grain size types, especially clay and silt grain size, on the distribution and concentrations of metals (Chaudhuri et al., 2014; Bakshi et al., 2018).
Sediment Quality Guidelines and Saudi Arabian Regulations
The enrichment factor (EF) gives information on the level of metal contamination and their sources, i.e., if natural or anthropogenic (Bakshi et al., 2018; Aljahdali and Alhassan, 2020a; Aljahdali and Alhassan, 2020c). High EF (> 10) of Mn, Zn, Cr, As, Mo, Sr, and V falling in the scale of significant, very high, and extremely high enrichment (Abrahim and Parker, 2008) suggests this metal enrichment may be due to anthropogenic sources (Zhou et al., 2020). However, it was established in our results based on comparison with international sediment quality guidelines that metal contamination is low to moderate in mangrove stands in the central Red Sea under study. The need to focus and/or monitor metals such as Cr, Cu, As, and Ni is the sine qua non because they are within the ERL range for the probable biological effect. Ni is even more important to be considered as it is the only metal with a concentration above the ERM threshold, while a low positive correlation between As (r = 0.31161) and clay and silt sediment grain size could be a result of contamination presumably due to an anthropogenic source (Caredda et al., 1999; Chaudhuri et al., 2014). Effluents from industries in the seasonal land runoff, agricultural waste, and household waste could form a key reason for the increased concentration of Ni above ERM (Cempel and Nikel, 2006; Aljahdali and Alhassan, 2020c). In another study in the Red Sea, Ni concentration was above ERM (Ruiz-Compean et al., 2017). However, the maximum concentration (65.62 mg/kg) was only 1.23 times the maximum concentration of Ni in our study.
Comparisons between our results and regulations for dredged sediments and beach management in Saudi Arabia set by the EPCDSA revealed Cr, Cu, As, and Ni average concentrations above established limits (EPCDSA, 2010) (Table 2). This further suggests the need to prioritize monitoring these metals in Saudi Arabia environs, even though the EPCDSA standard limit is set below international limits for low probable ecological effects such as those of the Canadian (1999) and USEPA (1994).
Metals in Mangrove A. marina and BCF
The mangrove A. marina leaves in this study are considered non-hyperaccumulators because the concentrations of metals in leaves are below 1% of those in mangrove sediments. The plant–sediment interaction based on metal accumulation is better estimated using the BCF. However, the BCFs for all the 13 metals were <1, suggesting an effective mechanism of detoxification or exclusion by A. marina (Almahasheer et al., 2018; Aljahdali and Alhassan, 2020a). In addition, it should be noted that some heavy metals determined in this study such as Fe, Cu, Mn, and Mo are essential for plant growth, if not in excess or above a limit where they become toxic (Appenroth, 2010). In contrast, Cr, Pb, As, and Cd are very toxic to bio-systems such as plants (Shahid et al., 2013; Almahasheer, 2019). The highest BCF in our study (Cu: 0.71) was the same as that in another study in the mangrove Avicennia species stand at Hooghly Matla estuary, India (Bakshi et al., 2018). However, our value for the highest BCF was about 1/2 the value (1.38) reported for Avicennia species in Sundarbans mangrove stands (Chowdhury et al., 2015). This suggests a more efficient accumulation of Cu by A. marina than other metals in the six mangrove stands in the central Red Sea studied.
A strong positive correlation between Fe and V in leaves and between Cu, Pb, Cr, V, Mn, Co, and Ni in leaves and sediments suggests possible same sources, either natural or anthropogenic, of these metals and the same mechanism of transportation and pattern of accumulation (Bastami et al., 2014). Besides the influence of metal accumulation and concentration in sediments on the corresponding concentration in leaves, efficient uptake of Cu, Pb, Cr, V, Mn, Co, and Ni gives an insight into the strong positive correlation between these metals in sediments and leaves (Bi et al., 2013; Aljahdali and Alhassan, 2020d). It is of importance to note that, for this reason, the scope of utilization of A. marina mangroves to bio-monitor metals such as Cu, Pb, Cr, V, Mn, Co, and Ni in marine pollution is possible.
Influence of Metals on Stress in Mangroves Across Central Red Sea
Stress enzymes, otherwise called antioxidant enzymes, such as CAT, GST, and SOD are some of the basic types and play an important role in scavenging reactive oxygen species (H2O2, OH, O2, etc.) generated by bio-systems in stress conditions (Bakshi et al., 2018; Asaeda and Barnuevo, 2019; Aljahdali and Alhassan, 2020a). This has led to the use of these enzymes as early signals in the form of biomarkers of physiological changes in A. marina due to exposure to drivers of oxidative stress (Caregnato et al., 2008; Aljahdali and Alhassan, 2020d). The negative correlation between the three antioxidants and mangrove height (r = −0.7589) for the six mangrove stands suggests response of antioxidants to oxidative stress (Farzana et al., 2019).
The relationship in terms of increased antioxidant activities with high metal concentration has been reported by previous studies (Nadgórska-Socha et al., 2008; Doğanlar and Atmaca, 2011). This could be a key reason for significant variation in antioxidants across the six mangroves, with high enzyme activities corresponding to high concentrations of heavy metals except for Al Lith (LT) and south Jeddah where antioxidant activities were higher at south Jeddah (SJ) with metal concentrations slightly lower than those at LT. However, concentrations of metals such as Cr, Co, Zn, Cd, and Pb were higher in mangrove leaves from SJ, and this might be the primary reason for greater antioxidant activities in SJ than LT, suggesting a higher contribution to stress by these metals. Cr, Cd, and Pb concentrations and excess concentrations of Zn and Co may induce oxidative stress and increase membrane lipid peroxidation in plants (Han et al., 2016); in response to physiological changes, antioxidant enzyme activities will increase (Aljahdali and Alhassan, 2020a; Aljahdali and Alhassan, 2020d). In addition, excessive concentrations of trace elements in an ecosystem have been associated with their large uptake by plants resulting in increased stress and decreased growth and development (Kosiorek and Wyszkowski, 2020). In another study at Matang Mangrove Forest Reserve, Malaysia, mangrove A. marina with the highest biomass, density, and height (12.9 m) had very low Zn (0.428 mg/kg), Cd (0.0046 mg/kg), and Pb (0.046 mg/kg) concentrations (Khan et al., 2019). It is worth pointing out that the values of Zn, Cd, and Pb in that study were 1/41, 1/17, and 1/9 of the concentrations in SJ mangroves with higher antioxidant enzyme activities and the lowest average mangrove height (2.01 m). Elsewhere, tissue- and site-specific antioxidant enzyme activities in Avicennia species due to metal pollution were reported (Harish and Murugan, 2011). In addition, an ex situ and in situ experiment in a mangrove ecosystem composed of A. marina in Australia revealed a correlation between increased antioxidant activities and increased metal concentration in mangrove leaves (Caregnato et al., 2008).
CONCLUSION
The mean concentrations of 13 heavy metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Pb, Sr, and V) in six mangrove ecosystems revealed a substantial wide range of variations. Higher concentrations of metals were recorded in Al Lith (LT) and south Jeddah (SJ) mangrove ecosystems. When sediment quality guidelines are considered, Cr, Cu, As, and Ni need to be given special attention and monitored because they fall within the ERL range for the probable biological effect. Ni is even more important to be considered as it is the only metal with a concentration above the ERM threshold. However, averages of the six mangrove ecosystems’ metal concentrations were low compared to international thresholds but higher than Environmental Protection and Control Department of Saudi Arabia values except for Cd and Pb.
The connection between heavy metal contamination in the mangrove ecosystems and anthropogenic sources was not too apparent in some sampling sites. However, metal contamination in south Jeddah (SJ) and Al Lith (LT) mangrove ecosystems showed a strong relationship with anthropogenic activities and factors such as industrialization, extraction of living resources, dredging, and agricultural activities. High concentrations of Pb, Cd, and Cr in SJ and LT could be linked to industrial activities in these regions of the kingdom. Even though the concentrations of metals in mangrove leaves are slightly higher in LT than SJ, metals such as Cr, Co, Zn, Cd, and Pb were higher in mangrove leaves from SJ with higher antioxidant enzyme activities and the lowest average mangrove height. This suggests that Cr, Co, Zn, Cd, and Pb concentrations are factors for the biggest stress in these mangrove ecosystems investigated. Our research would help design the appropriate management and monitoring policies by stakeholders of these unique and important ecosystems and bridge the gap of knowledge on anthropogenic activities and their influence on heavy metal contamination and stress in mangroves.
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