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Assessment of Heavy Metals Accumulation by Some Succulent Halophytic Species Along Gulf of South-West Coast, Gujarat, India

ABSTRACT:
Halophytes, being salt-tolerant plants, are capable of thriving in extreme saline conditions. Some of these species have demonstrated the ability to accumulate heavy metals, offering a potential solution to heavy metal contamination in saline ecosystems. Halophytic species have considerable potential for use in phytoremediation of heavy metal-contaminated saline habitats. Their natural tolerance to harsh conditions and ability to absorb and sequester toxic metals make them valuable assets in environmental restoration initiatives. Hence, in this study attempts were made to evaluate the accumulation of heavy metals like Fe, Mn, Ni, Zn, and Cu from leaves or phylloclade’s of succulent halophytes species collected from 8 different habitats along south waste coast of Gujarat. Fe varied from 171 to 850 mg.kg-1; Mn between 113 to 398.33 mg.kg-1; Ni between 15 to 266 mg.kg-1; Zn between 14.33 to 100 mg.kg-1 and Cu from 2.33 to 14 mg.kg-1, in phylloclades of Salicornia brachiata, Roxb. and in leaves of Suaeda nudiflora, (Willd.) Moq., and Sesuvium portulacastrum, (L.) Linn. The present results reflected that succulent halophytes accumulate higher concentration of metals than their threshold values (Mn <50 mg kg-1; Cu <40 mg kg-1; Fe 644 mg kg-1 and Zn 63 mg kg-1). A common trend was observed for similar order of heavy metals accumulation as Fe > Mn > Ni > Zn > Cu in their phylloclades or leaves. The substantial accumulation of these metals suggests the potential of these succulent halophytes for phytoremediation, particularly phytoextraction or phytostabilization, in the metal-contaminated saline ecosystems of the region.  
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INTRODUCTION
Heavy metal pollution is a major environmental concern, particularly in coastal and estuarine ecosystems, which act as sinks for contaminants from industrial, agricultural, and urban runoff (El-Amier and Alghanem, 2018). Some heavy metals are essential for growth of plants at micronutrients. When they are reached at high concentration level in the sediments as well as in living organisms it becomes a serious environmental concern, because these heavy metals are non-biodegradable, persistent in nature (Briffa et. al., 2020). Also, their adverse effect making them harmful when they are associated to health risks to plant, animals and humans (Mbaeze et. al., 2024). In coastal sediments rapid increasing agricultural practices and industrial activities increases heavy metals level in the sediments. The deposition of polluted particles leads to elevated metal concentrations in the soil of tidal marshes, which are typically regarded as a sink for such contaminants (Hart, 1982). 
Over the last sixty to seventy decades, more consciousness and concern about soil metals pollution have grown significantly. Estuarine salt marshes are often heavily contaminated with metals as a result of industrial activities in the estuaries and surrounding regions. The significant historical accumulation of metals in marsh soils may affect the functioning of the ecosystem (Vandecasteele et al., 2002; Vandecasteele et al., 2004). 
Conventional remediation technologies frequently fall short to tackle the problem and redevelopment sites for housing, agriculture, or recreational use. As an alternative, especially in regions with diffuse low pollution or large water bodies with low concentrations of pollutants, phytoremediation an emerging technology offers effective solutions to complement these methods (Schroder et al. 2002).
 	Halophytic species have ability to survive under harsh environmental conditions (Flowers and Colmer, 2008) demonstrated significant potential for heavy metal accumulation in saline habitats (Amari et al., 2017), making them ideal candidates for phytoremediation.  Their unique adaptations to saline and stressful environments allow them to tolerate and uptake heavy metals effectively, offering a sustainable solution to mitigate pollution in coastal, marshland, and other saline ecosystems (Rebecca et. al., 2022). It is being considered as a new, noninvasive, low-cost, highly promising technology for the remediation of polluted sites (Ashraf et al., 2019). Furthermore, multiple studies indicate that salt-tolerant plants can also tolerate other stresses, including heavy metals and xenobiotics, which increases their potential for phytoremediation research. As a result, halophytes are considered to be naturally better equipped to handle environmental stresses, such as heavy metals, compared to salt-sensitive crop plants typically used for phytoremediation. This makes them more promising candidates for phytoremediation research aimed at decontaminating heavy metal-polluted soils.
The present investigations undertaken to find out the accumulation of heavy metals in four succulent halophyte species namely, Suaeda nudiflora, (Willd.) Moq., Sesuvium portulacastrum, (L.) Linn., Tecticornia indica (Willd.) Sheph. & Wilson and Salicornia brachiata, Roxb. 
MATERIAL AND METHODS
Study Area
Geologically Gulf of Khambhat situated between 20 35'- 22 20' N and 72 05'-72 55'E.  The rivers like Tapi, Narmada, Mahi, Sabarmati, and several others have deposited large amounts of sediments in extensive areas of Gulf. Characteristically tidal mud flats, creeks, sand flats and coastal salt marshes with very high sediment salinity ranges from 7 to 25 dS.m-1 and alkaline pH (7.5 to 9.1) were observed.  The average annual rainfall is about 800 mm with varying temperature ranges, very low at winter 100 C to very hot reaching up to 450 C in summer. of to Study area restricted to ~ 800 km-long-coast of Saurashtra, the Gulf of Khambhat which is covering eight maritime districts namely Amreli, Bhavnagar, Ahmedabad, Anand, Bharuch, Surat, Navsari and Valsad (Fig. 1). From each maritime district one location was selected for study (Map 1).  Out of these locations one (Sunwali) was sandy-muddy, whereas remaining all habitats were marshy. Out of these  H1, H2, H7 and H8 locations are near to heavy metals contaminated areas like Port, Ship breaking yard, Industrial area etc.
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H1 = Victor Port, H2 = Sartanpar, H3 = Navagam, H4 = Machhipura, H5 = Mooler, H6 = Sunwali (Sandy-Muddy), H7 = Matwad and H8 = Umargam. 
Map 1. Maritime districts with the selected locations along south-west part of Gujarat coast.

Sample Collection: The Fresh leaves or phylloclades were collected from eight different locations.  The sample materials were thoroughly wash with distilled water to remove dust, mud and salts and packed in polyethene bags for further preparations. Sampled specimen collected from different locations shown in Map 1.
Sample Preparation:  The sampled materials were again thoroughly washed with distilled water and blotted till dryness. The leaves or phyllocaldes removed from stems were oven dried at 80°C and ground well and used for acid digestion. 100 mg of ground dried plant sample was taken in a Gerhardt digestion tube and 7 ml of concentrated nitric acid (HNO3) was added. After allowing the mixture to stand overnight, it was heated carefully at 150 0C on a Gerhardt digestion unit (5 - 6 hrs.) until the production of red NO2  fumes was ceased. After cooling the solution at room temperature, 3 ml of HNO3 was added and digested second time. This was followed by addition of 4 ml of 70 % perchloric acid (HClO4) and evaporated to a small volume. The solution was filtered through ashless Whatman No. 42 and filtrate was made upto 100 ml with deionized water (Perkin Elmer, Analyst Manual).   
Sample analysis: The aqueous extract was used for analysis of heavy metals (Fe, Mn, Ni, Zn and Cu) by Atomic Absorption Spectrophotometer (Perkin Elmer, Analyst 200). The analysis of heavy metals concentration in leaves or phyllocaldes result obtained in mg.kg-1.
RESULTS 
Tecticornia indica (Willd.) K.A.Sheph. & Paul G.Wilson. 
This perennial succulent halophyte sampled from two out of eight sites. As indicated in Fig. 2, concentration of five metals namely, Fe (850.67 mg.kg-1), Mn (164 mg.kg-1) and Ni (256 mg.kg-1) Zn (100 mg.kg-1) and Cu (31 mg.kg-1) observed in phylloclades. These values were hinger than those from H7(Table 2). 
Suaeda nudiflora, (Willd.) Moq.
	Leaves of this perennial succulent halophyte occurred at six marshy and one sandy-muddy habitat accumulated large amounts, though much less than that of previous halophytic grass, of Fe varying between 175.33 to 583 mg.kg-1 of leaf dry weight (Fig. 2). Its maximum concentration (583 mg.kg-1) was recorded for the material collected form H1, followed by those picked up from H7 = 511.67   mg.kg-1, H6 = 446.67 mg.kg-1 and H4 = 357.33 mg.kg-1. However, Fe content in two cases H2 = 273.67 mg.kg-1 and H3 = 225.67 mg.kg-1 was almost half of the said samples and in one case, it was the lowest H5 = 175.33 mg.kg-1.

Table 1. Occurrence of succulent halophyte species at different locations with family.
	Name of species
	Family 
	Phylloclade or Leaves
	Selected locations 

	
	
	
	H1
	H2
	H3
	H4
	H5
	H6
	H7
	H8

	Tecticornia indica (Willd.) K.A.Sheph. & Paul G.Wilson
	Amaranthaceae (formerly Chenopodiaceae) 
	Phylloclade
	√
	×
	×
	×
	×
	×
	√
	×

	Salicornia brachiata  Roxb.
	Amaranthaceae (formerly Chenopodiaceae) 
	Phylloclade
	√
	√
	×
	×
	×
	×
	×
	×

	Sesuvium portulacastrum  (L.) Linn.
	 Aizoaceae
	Leaves
	×
	√
	×
	×
	×
	√
	×
	√

	Suaeda nudiflora  (Willd.) Moq.
	Amaranthaceae (formerly Chenopodiaceae)
	Leaves
	√
	√
	√
	√
	√
	√
	√
	×

	H1= Victor Port, H2 = Sartanpar H3 = Navagam, H4 = Machhipura, H5 = Mooler, H6 = Sunwali, H7 =  Matwad, H8 = Umargam; √ = presence, × = absence


(Fig. 2) further shows variations in Mn accumulation in leaves of S. nudiflora. Its maximum (398.33 mg.kg-1) and minimum (184.67 mg.kg-1) concentration was respectively observed in specimens from H6 and H4 sites, while in remaining all samples it fluctuated between 209.33 to 266.67 mg.kg-1. Large amount of Ni was noticed in samples collected from H1 (223 mg.kg-1) and H3 (174.33 mg.kg-1) and the least in those from H7 (38 mg.kg-1). The leaves sampled from H2 (71.67 mg.kg-1), H4 (57.67 mg.kg-1), H5 (50.33 mg.kg-1) and H6 (84 mg.kg-1) had moderate concentration of Ni in their tissues.  Additionally, Zn fluctuating between 14.33 to 56.67 mg.kg-1 was low in leaves and the Cu content (2.33 to 11 mg.kg-1) was still less.
Sesuvium portulacastrum, (L.) Linn. 
	This succulent halophyte grew at two marshy and one sandy-muddy habitats. Its leaves gathered from H8 contained the maximum amount of Fe (337 mg.kg-1), followed by those from H6 and H2 (251.67 mg.kg-1) and its minimum value H2 (171 mg.kg-1) was noted for samples from H2 site (Fig. 2). Mn varied between 113.33 to 203 mg.kg-1 and it was quite high in leaves sampled from H6. Ni accumulation was much higher (146 mg.kg-1) in specimens of H2 habitat than those of two other locations (H6 = 16.33 mg.kg-1 and H8 = 15 mg.kg-1).
T. indica
S. portulacastrum

 
 	S. nudiflora
S. brachiata

           Fe (on y1 axis)             Mn               Ni                 Zn              Cu

Fig.  2.	Heavy metals concentrations (mg.kg-1) in phylloclades or leaves of halophyte three species growing at different locations.  Each value presents mean of three replicates.

The perennial succulent halophyte Sesuvium portulacastrum, grew only at two out of eight sites. As indicated in Fig. 2, concentration of four metals namely, Fe (850.67 mg.kg-1), Mn (164  mg.kg-1) and Ni (256 mg.kg-1) and Zn (100 mg.kg-1) was higher in its phylloclades sampled from H1 Port than those from H7, but amount of Cu was little greater in samples of the last location (H7 = 5.33 mg.kg-1).
Salicornia brachiata, Roxb.
	Out of eight locations, S. brachiata, an annual succulent, was also found at two marshy habitats H1 and H2, (Table -2). Phylloclades sampled from H1 reflected greater values of Fe (445.67 mg.kg-1), Ni (266 mg.kg-1), Zn (77.33 mg.kg-1), but Mn (165 mg.kg-1) and Cu (8.67   mg.kg-1) accumulation was slightly higher in samples of H2 (Fig. 2).  

	Table 2. Mean (± SD) values of heavy metals concentrations (mg.kg-1) in investigated halophytes at different sites.

	
	Site
	Fe
	Mn
	Ni
	Zn
	Cu
	References

	1
	Tecticornia indica
	H1
	850.67 ± 31.64
	164.00 ±4.00
	256.00±2.19
	100.00±5.20
	31.00±0.58
	





Present Study
Gulf of Khambhat
Gujarat, India 

	
	
	H7
	177.00 ±11.43
	150.33 ±4.98
	88.67±4.08
	55.33±1.25
	17.00±0.94
	

	2
	Salicornia brachiata
	H1
	445.67 ±6.34
	154.00 ±6.98
	266.00±4.08
	77.33±1.25
	29.67±0.47
	

	
	
	H2
	278.33 ±3.38
	165.00 ±6.38
	190.00±4.32
	36.67±1.25
	18.00±0.39
	

	3
	Sesuvium portulacastrum
	H2
	171.00 ±2.94
	153.00 ±2.16
	146.00±6.48
	17.00±4.08
	19.00±1.41
	

	
	
	H6
	251.67 ±1.70
	203.00 ±8.29
	16.33±3.40
	14.67±1.27
	14.33±1.98
	

	
	
	H8
	337.00 ±4.54
	113.33 ± 3.39
	15.00±2.16
	25.33±2.06
	25.00±0.81
	

	4
	Suaeda nudiflora







	H1
	583.00 ±18.68
	266.67 ± 10.07
	223.00±4.36
	54.00±3.61
	22.67±0.58
	

	
	
	H2
	273.67 ±4.50
	252.33 ±5.73
	71.67±2.05
	48.00±1.70
	23.00±0.82
	

	
	
	H3
	225.67 ±4.19
	263.67 ±5.73
	174.33±2.05
	56.67±1.70
	31.67±0.82
	

	
	
	H4
	357.33 ±7.93
	184.67 ±13.91
	57.67±2.06
	35.67±4.19
	6.67±0.47
	

	
	
	H5
	175.33 ±12.71
	209.33 ±2.87
	50.33±6.60
	14.33±1.25
	24.63±0.94
	

	
	
	H6
	446.67 ±8.73
	398.33 ±7.41
	84.00±1.02
	41.67±1.70
	24.60±0.62
	

	
	
	H7
	511.67 ± 1.69
	246.33 ±7.40
	38.00±4.89
	51.00±1.60
	14.00±0.86
	

	
	
Salicornia Spp. 
	
	2000

	49

	2.7

	98

	6.5

	Williams et al. 1994 Salcott salt marshes Essex (UK)

	
	Salicornia ramosissima
	
	846- 7100
	-

	-

	153- 753
	77- 645
	Luque et al., 1999
Odiel Saltmarshes, SW Spain

	
	Haloxylon aphyllum
	
	454

	42

	3.6

	19.12

	5.8

	Toderich et al. (2002)
Spain 

	
	Arthrocnemum indicum Suaeda maritima 
Suaeda monoica Sesuvium portulacastrum
	
	285 977.3 339.6
311.3

	11.7
88.6
32.9
23.1

	- 
-
-
-

	67.2
71.1
19.0
62.4

	10.89
10.81
7.77
10.47

	Agoramoorthy et al. (2008) Tamil Nadu India

	
	Salicornia maritima
	
	319- 686.2


	30.2-91.6


	2.3-4.0


	76.1-
86.1


	4.8- 7.6-


	Milić et al. 2012
Montenegro and
Pannonian plain in
Serbia

	
	Salicornia Spp.
	
	666

	28.94

	
	113.48

	24.37

	Ahmadi et al. 2022 Urmia Lake, Iran



Table 3 2-way ANOVA assessing variations in accumulation of heavy metals in leaves or phylloclades of four sampled halophytes and in the same species growing at different habitats.
	Heavy metals
	Species
	Habitats

	Fe
	3.78*
	0.79 ns

	Mn
	6.56**
	1.57 ns

	Ni
	10.21***
	10.58**

	Zn
	9.15***
	2.55 ns

	Cu
	1.12ns
	0.01 ns


ns= non–significant; *= significant at P≤ 0.05; **= highly significant at    P≤ 0.01 and ***= very highly significant at P≤ 0.001.

The ANOVA test (Table 3) clearly showed that variations in concentrations of Fe (F = 3.78; P≤ 0.05), Mn (F = 6.56; P≤ 0.01), Ni (F = 10.21; P≤ 0.001) and Zn (F = 9.15; P≤ 0.001) in different species were significant, but that of Cu (F = 1.12; P≤ 0.05) were non-significant.
Interestingly, accumulation of Fe (F = 0.79), Mn (F = 1.57), and Zn (F = 2.55) and Cu (F = 0.01) in the same species growing at different sites did not vary significantly at P≤ 0.05. However, the Ni content (F = 10.58; P≤ 0.01) was significant.

Discussion 
In the present investigation the accumulation of Fe content in four halophytic species varied from 177 mg.kg-1 to 583 mg.kg-1 (Table 2). Similar range of Fe accumulation of Fe in leaves or in phylloclade were observed by Toderich et al. (2002) in Haloxylon aphyllum (454 mg.kg-1); Agoramoorthy et al. (2008) in Arthrocnemum indicum (285 mg.kg-1) Suaeda monoica (339.6 mg.kg-1) and Sesuvium portulacastrum (311.3 mg.kg-1); Milić et al. (2012) in Salicornia maritima (319- 686.2 mg.kg-1) respectively. On the other hand, accumulation of Fe studied in Salicornia maritima (977 mg.kg-1) by Agoramoorthy (2008). Similarly, Williams et al. (1994) reported high value of Fe in Salicornia Spp. (2000 mg.kg-1 , Table 2) whereas, Luque et al. (1999) observed very high content of  Salicornia. ramosissima (846 to 7100 mg.kg-1) than values recorded for the present investigation. They further noted that succulent halophytes accumulated high amount of Fe in their tissues than any other metals, a characteristic, which was also observed during this investigation. 
Iron is a major constituent of the lithosphere, making up 5.1% of the Earth's crust, the initial supply of iron to soils comes through processes like weathering and soil genesis, this iron separates, turning into colloidal compounds—both oxidized and reduced—and integrating into secondary (clay) minerals. The breakdown of these minerals yields amorphous iron, which then crystallizes into hydroxide minerals such as goethite, hematite, and maghemite. Furthermore, iron hydroxide can bind with organic acids to create mobile complex forms that can migrate throughout the soil profile (Malyshev and Alekseev, 2024). In littoral bottom sediments, iron manifests in several forms, including sulfide compounds hydrotroilite and (a product of anaerobic denitrification), and organic humate forms transported by rivers or generated during sedimentation (Rozanov and Volkov, 2009).
Present findings further showed that concentration of Mn and Ni recorded very high (113.33 to 398 mg.kg-1 and 15.00 to 266 mg.kg-1, Fig. 2) in investigated succulent halophytes.
Comparison with present investigation Williams et al., (1994) noticed lower concentration of heavy metals (Mn = 49 mg.kg-1; Ni = 2.7 mg.kg-1) in Salicornia species found in the Salcott salt marshes Essex (UK). Similarly, low concentration of Mn and Ni (Mn = 42 mg.kg-1; Ni = 3.6   mg.kg-1) were also recorded by Toderich et al. (2002) for a succulent halophyte, Haloxylon aphyllum (Table 2). 
Increased metal accumulation in the soil leads to competition between toxic metals and essential nutrients for absorption by plants and causes excess accumulation in plants (Zhang et al., 2014). The non-woody character of the herbaceous halophytes supported by vigorous root system close to the ground surface. This condition might have provided an excellent opportunity to absorb heavy metal pollutants from the sediment. Higher ratability of species to tolerate and accumulate high levels of heavy metals is linked to their pre-existing mechanisms for dealing with high salinity and therefore observed comparatively high concentration (Agoramoorthy et al. 2008). 
Present findings further showed that moderate range of concentration of Zn (14.33 to 77.33 mg.kg-1) and Cu (6.67 to 31.67 mg.kg-1, Table 2) observed in studied halophyte species. Luque et al. (1999) recorded noticeably very high accumulation of Zn (153 to 753 mg.kg-1) and Cu (77 to 645 mg.kg-1) in Salicornia ramosissima collected from the Odiel salt marshes in Spain. Such high concentration of heavy metals was observed, because of the fact that halophytes had been collected from highly contaminated estuary in Spain. Similar range of high accumulation of Zn also reported in Salicornia spp (113.48 mg.kg-1, Table 2) by Ahmadi et al. (2022) heavy metals accumulate in halophytes due to proximity to urban development and sources of metal contamination range from domestic garbage dumps to agricultural runoff (Uchimiya et al., 2020; Mehr et al., 2021; Xu et. al., 2019). Increasing human population growth, expanding aquaculture practices, habitat destruction, deforestation, industrial growth, and mounting toxic pollution are drastically affecting the survival of salt marsh ecosystem (Agoramoorthy et al., 2008).
The rise in industries situated close to salt marshes, and the resulting pollution they deposit, makes these ecosystems highly vulnerable today (Duarte et al., 2007). Succulent halophyte species possess different capacities of tolerating of heavy metals in their tissues and even the same species growing at various locations or countries accumulate heavy metals in different quantities. 
Conclusion 
 	Morphologically diversified species possessed independent capacity to accumulate different heavy metals in their tissues. The succulent halophytes used as heavy metal accumulators because they tolerate higher concentration of metal(loid) in their leaves or phylloclades. This succulent species is ideal, low-cost, ecofriendly cleaning method for saltmarsh sites. Different species under the same category, also showed variations in accumulation of heavy metals. Similarly, present investigation also indicated that the same species occurring at two or more locations showed variations in concentration of heavy metals in their phylloclades or leaves. Accumulation of heavy metals in sampled species was found as: Fe > Mn > Ni > Zn > Cu respectively. The present research is important for use of succulent halophytes for phytoremediation and cleaning method for saltmarsh contaminated by heavy metals. Therefor the native succulents in their natural habitats had a capabilities to extract many heavy metals harmful for the economic plants.
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Mn	H1	H2	H3	H4	H5	H6	H7	H8	153	203	113.33	Ni	H1	H2	H3	H4	H5	H6	H7	H8	146	16.329999999999988	15	Zn	H1	H2	H3	H4	H5	H6	H7	H8	17	14.67	25.330000000000005	Cu 	H1	H2	H3	H4	H5	H6	H7	H8	14	13.33	5	Fe	H1	H2	H3	H4	H5	H6	H7	H8	171	251.67	337	


Mn	H1	H2	H3	H4	H5	H6	H7	H8	164	150.33000000000001	Ni	H1	H2	H3	H4	H5	H6	H7	H8	256	88.669999999999987	Zn	H1	H2	H3	H4	H5	H6	H7	H8	100	55.33	Cu 	H1	H2	H3	H4	H5	H6	H7	H8	2.3299999999999987	5.33	Fe	H1	H2	H3	H4	H5	H6	H7	H8	850.67000000000053	177	


Mn	H1	H2	H3	H4	H5	H6	H7	H8	266.67	252.33	263.67	184.67	209.33	398.33	246.33	0	Ni	H1	H2	H3	H4	H5	H6	H7	H8	223	71.669999999999987	174.33	57.67	50.33	84	38	0	Zn	H1	H2	H3	H4	H5	H6	H7	H8	54	48	56.67	35.67	14.33	41.67	51	0	Cd	H1	H2	H3	H4	H5	H6	H7	H8	6.33	11	10	2.3299999999999987	3.67	3.3299999999999987	5.33	0	Fe	H1	H2	H3	H4	H5	H6	H7	H8	583	273.67	225.67	357.33	175.33	446.67	511.67	0	


Mn	H1	H2	H3	H4	H5	H6	H7	H8	154	165	Ni	H1	H2	H3	H4	H5	H6	H7	H8	266	190	Zn	H1	H2	H3	H4	H5	H6	H7	H8	77.33	36.67	Cu 	H1	H2	H3	H4	H5	H6	H7	H8	4.33	8.67	Fe	H1	H2	H3	H4	H5	H6	H7	H8	455.67	278.33	
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