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Abstract

Seagrass beds are among the most ecologically important systems 
in the marine environment and comprise a large component of 
the diets of many marine organisms, which provides a pathway 
for contaminants in the seagrasses to enter the marine food web. 
In this study, three species of seagrasses, Thalassia testudinum, 
Halodule wrightii, and Syringodium filiforme, were collected monthly, 
for one year, in three regional locations in South Florida - Port of 
Miami, Card Sound region of Biscayne Bay Aquatic Preserve, 
and Florida Bay. These were analyzed for ten heavy metals using 
Atomic Absorption Spectroscopy. The metal concentrations varied 
significantly between the three locations, though each location 
had similar dominant metals (Cu, Fe, Mn, Zn). Significantly higher 
concentrations of heavy metals were found during the wet season, 
with the exception of Zn. Metals such as Fe, Mn, and Zn were found 
to be significantly higher in leaves with epiphytes.
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seagrasses, including macroinvertebrates, numerous species of fishes, 
and large marine herbivorous grazers such as manatees and sea turtles 
[5,8-10]. Many of the species that rely on seagrass beds are federally 
listed as threatened or endangered (USFWS, 2017).

Though seagrasses currently cover approximately 0.1%-0.2% of 
the global ocean, they are severely lacking in protective regulations, 
and are presently experiencing worldwide decline which is primarily 
human-caused [1,2]. A major concern for seagrasses, especially those 
near highly industrialized or populated areas, is excessive nutrient 
loading along with the addition of a wide range of contaminants, 
including heavy metals. The coastal locations of seagrass beds increase 
their susceptibility to contaminant overload as they receive input from 
many agricultural and industrial sources via rivers or other waterways, 
runoff, and atmospheric deposition [7,11]. 

Concentrations of heavy metals in the environment are impacted 
by many factors, including proximity to potential sources, seasonal 
changes, and abiotic characteristics of the environment [12,13]. 
Various human activities are known to be sources of heavy metals to 
the environment, including aquaculture, sewage discharge, mining 
and smelting, deforestation, agriculture (herbicide or pesticide 
use), and various industries such as leather production, shipyards, 
electronics, and paints [14-16]. 

Seagrasses all over the globe, including the three species in this 
study, Thalassia testudinum, Halodule wrightii, and Syringodium 
filiforme, show various concentrations of numerous heavy metals; 
however, research on heavy metals in seagrasses in southeastern 
Florida is extremely limited. Once heavy metals are incorporated 
into seagrasses, they can be transferred into the marine food web 
through herbivory or indirectly through detritivore food webs [17-
19]. Heavy metals are biologically categorized as essential, meaning 
they are needed by organisms for some biological process, or non-
essential, where they have no biological role in the body. Both of these 
groups, however, can be toxic above a certain threshold, and at some 
concentration, all heavy metals become toxic [17,20]. Though the 
research on toxicity limits and direct consequences of heavy metal 
contamination is limited, many studies have shown correlations 
between contamination and adverse health in apex predators [21-23]. 
This study assessed the heavy metal concentrations in the three main 
seagrass species found in southeastern Florida seagrass beds.

Materials and Methods
Study area, species, and sampling

Samples of Thalassia testudinum (n=180), Halodule wrightii 
(n=140), and Syringodium filiforme (n=78) were collected from 
three regional locations: Port of Miami (POM), Card Sound region 
of Biscayne Bay Aquatic Preserve (CAP), and Florida Bay off the 
north coast of Islamorada (FLB) (Figure 1 and Table 1). In the Port of 
Miami, samples were collected from one site adjacent to Rickenbacker 
Causeway and two sites around Virginia Key; Card Sound samples were 
collected from three sites around Barnes Sound, and in Florida Bay 
samples were collected from one site off the north shore of Islamorada. 
Seagrasses were collected from each site monthly for the entirety of 
2017 to include the wet (June-October) and dry (November-May) 
seasons. Sampling was not possible during September 2017 due to the 

Introduction 
Seagrasses are ecologically and economically important, 

widespread, marine, flowering plants that are found along coastlines 
of tropical and temperate seas around the world at depths up to 90 
meters [1-3]. Seagrass beds have also been identified as the most 
productive submerged habitat globally [4]. These systems provide a 
large amount of primary production necessary to marine ecosystems 
and support major grazing and detrital food webs [5,6]. Seagrass 
meadows perform extensive and diverse roles in coastal marine 
ecosystems. 

One of the most significant roles of seagrass meadows is their 
use as a resource for a wide variety of marine species. They provide 
protection from predators, habitat, and nursery grounds for 
many marine species, including fish, benthic organisms, and large 
herbivorous grazers [4,7]. Seagrass environments also serve as critical 
habitat at some point in the life cycles of many species targeted for 
recreational and commercial fishing [2], as well as a major food source 
in the coastal ecosystem, with over 154 marine species known to 
feed on living seagrass [8]. A wide variety of species graze heavily on 
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impact of Hurricane Irma. Sampling took place during ebb to slack 
low tide resulting in a water depth range of 5 to 15 inches (13 cm-38 
cm). Multiple individuals of each species were collected from within 
a randomly placed 0.5 m grid using a 25 cm² shovel sieve. Entire 
plants, including leaves, shoots, roots, and horizontal rhizomes of each 
species, were removed for analysis. Samples were rinsed with seawater, 
placed in individual plastic bags, and frozen in a standard freezer 
(-20°C) until processed. Salinity and bottom water temperatures were 
measured with an environmental YSI meter (model #030130) at each 
site.

Permitting

Permits for seagrass collection were provided by NOAA National 
Marine Sanctuaries-Florida Keys National Marine Sanctuaries 
(Permit # FKNMS-2016-133), Florida Fish and Wildlife Conservation 
Commission (Permit # SAL-17-1865-SR), and Crocodile Lake 
National Wildlife Refuge (Permit # 41581-2017-01).

Metals analysis

In the laboratory, specimens were separated by species and into 
above (leaves and shoots) and below (roots and rhizomes) sediment 
plant parts, rinsed three times with 100 mL deionized water, and 
cleaned of epiphytes and other particles with the edge of a clean glass 
slide. Thalassia testudinum leaves with attached epiphytes were also 
analyzed to examine the epiphytes’ contribution to the total heavy 
metal concentrations of the plant. Samples were dried for a minimum 
of 4 hours in an Isotemp Vacuum Oven (Model 282A) 75°C and 1 
× 10-3 torr, manually ground into a composite powder of multiple 
individual plants and weighed to approximately 0.2 g of dry weight. 
They were then digested with 8 ml of 99.999% metals basis nitric acid 
and 2 ml of concentrated sulfuric acid until the plant material was 
totally dissolved with no particulate. The solution was then diluted 
to a total volume of 50 ml with ultrapure (18.2 MOhm-cm) water. 
The heavy metal analysis was conducted using a Shimadzu AA-6200 
Atomic Absorption Flame Emission Spectrophotometer equipped 
with a Hydride Vapor Generator (Shimadzu, HVG-1). Each sample 
(Reps=3, RSD Limit=7.00, SD Limit-0.008) was run with a blank 
(Reps=2, RSD Limit=99.90, SD Limit-0.000) and a standard (Reps=2, 
RSD Limit=5.00, SD Limit-0.005). Samples were tested for 10 heavy 
metals: Arsenic (As), Cadmium (Cd), Copper (Cu), Iron (Fe), Total 
Mercury (Hg), Manganese (Mn), Nickel (Ni), Lead (Pb), Selenium 
(Se), and Zinc (Zn).

Figure 1: Locations from which samples were collected: Port of Miami (POM), 
Card Sound region of Biscayne Bay Aquatic Preserve (CAP), and Florida Bay 
(FLB). Black dots represent individual collection sites within each regional 
location.

Table 1: Number of samples (n) tested for each heavy metal in the wet/dry seasons by location, species, and plant part. The numbers shown include samples from all 
sites and months. Differences in the sample size for each group are due to field availability of each species and plant part for collection and testing.

As Cd Cu Fe Pb Mn Hg Ni Se Zn
Card sound region of Biscayne bay aquatic preserve
Thalassia testudinum Leaves/Shoots 4/13 9/15 11/19 11/20 8/11 11/20 9/11 9/10 3/8 11/20

Leaves with Epiphytes 3/15 7/11 10/20 10/20 5/11 10/20 8/14 9/16 1/9 9/19
Roots/Rhizomes 4/17 7/13 9/16 10/18 6/14 9/18 6/14 6/11 2/11 10/17

Halodule wrightii Leaves/Shoots 	 7/19 10/14 9/19 11/20 7/15 11/21 8/18 7/11 2/14 11/21
Roots/Rhizomes 4/17 9/13 11/18 11/19 8/11 11/20 6/17 7/11 1/6 11/20

Syringodium filiforme Leaves/Shoots 1/5 4/5 3/6 4/8 2/3 4/7 2/6 3/3 3/3 4/7
Roots/Rhizomes -/7 2/5 4/6 4/8 4/3 2/7 3/6 2/2 1/3 4/7

Florida Bay
Thalassia testudinum Leaves/Shoots 1/1 1/- 1/1 1/1 1/1 1/1 -/1 1/1 -/1 1/1

Leaves with Epiphytes 1/1 1/- 1/1 1/1 -/1 1/1 1/1 1/1 -/- 1/1
Roots/Rhizomes -/1 -/1 -/1 -/1 -/1 -/1 -/1 -/1 -/1 -/1

Halodule wrightii Leaves/Shoots 2/5 3/3 4/6 4/6 3/3 4/6 1/6 4/5 -/2 4/6
Roots/Rhizomes 3/6 3/5 4/6 4/6 4/2 3/6 1/5 4/3 -/3 4/6

Port of Miami
Thalassia testudinum Leaves/Shoots 7/13 10/15 11/18 11/18 7/12 10/18 5/17 6/17 3/8 11/18

Leaves with Epiphytes 7/16 9/12 11/18 11/18 7/11 11/18 6/17 5/15 1/7 11/18
Roots/Rhizomes 5/15 10/11 10/17 10/17 5/10 10/16 4/13 5/9 3/5 10/17

Halodule wrightii Leaves/Shoots 4/15 10/10 10/16 11/17 7/9 10/16 3/13 5/9 2/11 11/17
Roots/Rhizomes 5/13 9/10 10/17 11/17 5/12 11/16 5/15 5/10 4/8 11/17

Syringodium filiforme Leaves/Shoots 6/13 10/12 10/17 11/17 10/10 11/17 7/13 6/10 3/8 11/17
Roots/Rhizomes 5/13 6/11 10/16 10/17 4/10 9/15 3/14 3/11 2/7 10/17
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Statistical analysis

Statistical analysis was performed in program software R (2018) 
and Primer 7 [24] with a significant level of α=0.05. As data were 
not normally distributed, non-parametric Kruskal-Wallis analysis 
of variance (ANOVA) was used to test for significant differences in 
heavy metal concentrations among the three locations, between wet 
and dry season, among the three collected species, and among plant 
parts, followed by pairwise Wilcoxon rank-sum tests to investigate 
differences among levels of each factor. 

Results
Heavy metals 

All ten analyzed metals were detected in seagrass tissues. Aver-
age heavy metals concentrations for all specimens ranked as follows: 

-
lenium>arsenic. Concentration values for all metals combined ranged 
from 0.02 µg/g to 1877.43 µg/g. Mean, range, and standard deviation 
of each heavy metal are presented in Table 2. Heavy metals were de-
tected in 79% of samples overall; 71% contained arsenic, 73% con-
tained cadmium, 96% contained copper, 100% contained iron, 62% 
contained lead, 97% contained manganese, 74% contained mercury, 
62% contained nickel, 48% contained selenium, and 100% contained 
zinc. No correlation existed between heavy metal concentrations and 
salinity or bottom water temperature. Metals with the highest over-
all concentrations were Fe, ranging from 1.52 µg/g-1877.43 µg/g, Zn, 
ranging from 1.48 µg/g-669.44 µg/g, and Mn, ranging from 0.79 µg/g-
300.15 µg/g. Metals with the lowest overall concentrations were As, 
ranging from 0.02 µg/g-2.95 µg/g, Se, ranging from 0.01 µg/g-4.79 
µg/g, and Hg, ranging from 0.03 µg/g-16.46 µg/g. The annual mean 
and standard deviation of each heavy metal by location, season, spe-
cies, and plant part are presented in Supplementary Tables 1-10. The 
values presented include data points from all sites and months. The 
high standard deviations seen are due to the inclusion of multiple var-
iables in the data. Differences between specific groups are displayed in 
the p-values returned during ANOVA and Wilcoxon testing.

Location

Significant differences among regional locations were seen in 
copper (X²=108.0, df=2, p<0.001), iron (X²=14.4, df=2, p<0.001), 
manganese (X²=44.3, df=2, p<0.001), and zinc (X²=73.4, df=2, 
p<0.001). Copper concentrations were higher in FLB than POM 
(p<0.001) or CAP (p<0.001) and were higher in POM than CAP 
(p<0.001). Iron concentrations were higher in FLB than CAP (p=0.01) 
and POM (p<0.001) than FLB, but no difference existed between 
CAP and POM. Manganese concentrations were higher in CAP than 
FLB (p<0.001) or POM (p<0.001); no difference existed between 
concentrations in FLB and POM. Zinc concentrations were higher in 
FLB than POM (p<0.001) or CAP (p<0.001) and higher in POM than 
CAP (p<0.001). 

Season

During the wet season, there were significantly higher 

concentrations of cadmium (X²=21.3, df=1, p<0.001), copper (X²=6.6, 

p=0.002), manganese (X²=7.54, df=1, p=0.006), mercury (X²=49.9, 
df=1, p<0.001), nickel (X²=16.9, df=1, p<0.001), and selenium 
(X²=62.1, df=1, p<0.001). Zinc was the only heavy metal with 
significantly higher concentrations during the dry season (X²=41.8, 
df=1, p<0.001) (Table 3).

Seagrass species

Eight of the ten heavy metals tested showed no significant 
variability among the three seagrass species. Species had a significant 

significantly higher in H. wrightii than T. testudinum (p=0.01) but 
no other significant differences existed between either species or S. 
filiforme. Manganese concentrations were significantly higher in 
T. testudinum than H. wrightii (p<0.001) and S.filiforme (p<0.001), 
and its concentration was significantly higher in H. wrightii than S. 
filiforme (p=0.004). A comparison of each heavy metal among the 
three seagrass species collected is shown in Table 4.

Morphology

Five metals exhibited no significant difference among seagrass 
parts. Those that did include, copper (X²=21.6, df=2, p<0.001), iron 

selenium (X²=6.51, df=2, p=0.03), and zinc (X²=9.10, df=2, p=0.01) 
(Table 3). Copper concentrations were higher in leaves with or without 
epiphytes than in roots (p<0.001), but there was no difference in 
concentrations between leaves with and leaves without epiphytes. Iron 
concentrations were significantly higher in leaves with epiphytes than 
cleaned leaves (p<0.001) or roots (p=0.005) and higher in cleaned leaves 
than roots (p<0.001). Manganese concentrations were significantly 
higher in leaves with epiphytes than cleaned leaves (p<0.001) or roots 
(p<0.001), and concentrations in cleaned leaves were higher than those 
found in roots (p<0.001). Selenium concentrations were significantly 
higher in roots than leaves with epiphytes (p=0.03), but there was no 
difference between leaves with or without epiphytes or cleaned leaves 
and roots. No significant differences in zinc concentrations between 
cleaned leaves and those with epiphytes were found, though both leaf 
types had higher concentrations than roots (p=0.02 and 0.03). Iron, 
manganese, and zinc were the only heavy metals to have significantly 
higher concentrations in leaves with attached epiphytes (Figure 2). 

Discussion
These results show that the seagrasses in southeastern Florida 

waters do contain various concentrations of heavy metals. All ten 
metals were found in detectable concentrations in all three species 
of seagrass tested. Heavy metal concentrations did not show any 
correlation to the abiotic factors collected; neither water temperature 
nor salinity appeared to have an impact on the accumulation of heavy 
metals in seagrasses. Though previous studies have found the opposite 
results [13], the variation in environmental factors in this study were 
very small by comparison. Annually, bottom water temperature 

Table 2: Range, mean, and standard deviation (µg/g) of each heavy metal in Thalassia testudinum, Halodule wrightii, and Syringodium filiforme across all locations, 
seasons, and plant parts.

 As Cd Cu Fe Pb Mn Hg Ni Se Zn
Range (µg/g) 0.02-2.95 0.09-10.72 0.38-33.68 1.52-1877.43 0.78-156.20 0.79-300.15 0.03-16.46 0.67-87.74 0.01-4.79 1.48-669.44
Mean (µg/g) 0.59 1.48 9.49 222.38 19.4 32.14 1.96 11.15 0.61 76.03
Std. Deviation (µg/g) 0.51 1.19 6.83 249.83 26.01 40.23 2.64 14.25 0.84 57.55

iron>zinc>manganese>lead>nickel>copper>mercury>cadmium>se

effect on two heavy metals,  (X²=8.13, df=2, p=0.01) and 

df=1, p=0.009), iron (X²=66.4, df=1, p<0.001), lead (X²=9.04, df=1, 

iron

(X²=24.3, df= 2, p<0.001), manganese (X²=232.7, df=2, p<0.001), 

 (X²=46.7, df=2, p<0.001). Iron concentrations were manganese

Volume 8 • Issue 2 • 1000206



Citation: Smith EM, Giarikos D, Daniels A, Hirons AC (2019) Heavy Metal Accumulation in Seagrasses in Southeastern Florida. J Mar Biol Oceanogr 8:2.

• Page 4 of 8 •

ranged from 22.9ºC in January to 33.9ºC in July with a range of 11ºC. 
Salinity showed more variation, ranging from 22.5% to 38.8% with a 
range of 16.3% We can only speculate that these differences were not 
large enough to enact changes in the accumulation rates.

The results of this study were compared to finding from various 
other locations and seagrass species (Table 5). Concentrations 

of arsenic, cadmium, iron, and manganese were generally lower 
than those found in previous studies, especially when compared to 
concentrations in H. ovalis from Jordan or Z. capricornii from Australia. 
Zinc concentrations were lower than those found along the Australian 
coast, the Mediterranean Sea, and Jordanian waters. Concentrations 
of copper and selenium were comparable to those found in these 
studies, while nickel concentrations were higher than those found in 
Brazil but much lower than those from the Mediterranean Sea. Lead 
and mercury concentrations were consistently higher compared to the 
other studies [11,25-27]. Correlation between mercury and selenium 
had a significant positive correlation relationship, which is known to 
have strong antagonistic effects in mammals. This difference may be 
due to plants containing different lipid classes than mammals and 
would, therefore, bioaccumulate these metals differently [28,29]. 

These data showed that seasonality had a significant impact on 
heavy metals concentrations in all locations. Seasonality (dry vs wet) 
is related to the amount of run-off entering the coastal zone. Runoff is 
known to collect and transport potential pollutants such as sediment, 
pesticides and herbicides, metals, and petroleum by-products [30]. 
Eight of the ten heavy metals presented had significantly higher 

Table 3: Mean and standard deviation (µg/g) of each heavy metal in the wet 
(June-October) and dry (November-May) seasons.

  Wet Dry
As 0.57 ± 0.44 0.59 ± 0.53
Cd 1.87 ± 1.55 1.20 ± 0.73
Cu 10.17 ± 6.30 9.08 ± 7.09
Fe 336.67 ± 301.54 155.36 ± 183.14
Hg 4.08 ± 3.82 1.60 ± 5.02
Mn 42.72 ± 57.04 26.52 ± 29.19
Ni 19.56 ± 23.62 7.07 ± 3.77
Pb 31.02 ± 37.83 12.20 ± 8.53
Se 1.80 ± 1.16 0.29 ± 0.20
Zn 55.26 ± 30.92 87.84 ± 65.61

Figure 2:  Boxplots displaying the mean concentrations (µg/g) of (a) iron, (b) manganese, (c) zinc in each plant part including leaves with attached epiphytes (E), 
cleaned leaves (L), and roots and rhizomes (R).
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concentrations during the wet than the dry season (Figure 3). This 
is presumably related to the increase in runoff transporting various 
anthropogenic pollutants and contaminants that accumulate on the 
ground and in soils and delivering them to the ocean, either directly 
or via other waterways. The creation of manmade canals throughout 
South Florida facilitates this transport. Data from the closest South 
Florida Water Management District (SFWMD) rain gauge in Miami-
Dade County showed a major increase of approximately 480% in 
rainfall from May to June 2017 which continued until a drop began 
in November. This pattern correlates to the spikes in concentrations 
of cadmium, copper, iron, lead, manganese, mercury, nickel, and 
selenium (Figure 3). These results also show that seasonality had less 
of an impact in FLB than POM and CAP. The smaller land area in 
close proximity to this site may explain this finding. Runoff in this 
area would traverse a much smaller expanse of land before entering 
the waterways, and may, therefore, encounter a reduced volume of 
contaminants compared to the other two locations. 

Heavy metal concentrations were generally highest in leaves with 
attached epiphytes and lowest in the underground complex of roots 
and rhizomes. This finding agrees with a previous study by Llagostera 
et al. [31] which determined that heavy metal concentrations 
in seagrasses were generally higher in tissues located above the 
sediment than below. Three heavy metals, iron, manganese, and 
zinc had significantly higher concentrations in leaves with attached 
epiphytes than leaves that were cleaned (Table 4). Epiphytes are sessile 
organisms that settle and grow on plants. On seagrasses, common 
epiphytes include micro-and macroalgae, bacteria, tunicates, sponges, 
crustaceans, and mollusks. These epiphytes are directly consumed 
by seagrass grazers and therefore add to the heavy metal load being 
ingested [32,33]. Nutrient loading near a seagrass meadow, such 

as from nearby agricultural lands or sewage outfalls, can lead to 
excessive growth of epiphytes on the leaves [34]. These same three 
heavy metals were found to have the highest concentrations overall, 
suggesting that epiphyte growth due to nutrient loading may be the 
main source of heavy metals to marine organisms during seagrass 
grazing. The epiphytes in this study were not identified to species 
before processing, though we know they consisted of both flora 
and fauna. This increase in certain heavy metals within epiphytes 
is most likely due to metabolic processes that bioaccumulate more 
contaminants than the seagrass tissues.

Agriculture is an important part of Florida’s economy; however, 
the common farming practices in Florida, including spraying of 
metal-based herbicides, pesticides, and fertilizers, and application 
of compost or sewage sludge, are potentially increasing the heavy 
metal concentrations entering the coastal zone [35]. The soils used 
for citrus groves are often sandy, and easily lose, metals with heavy 
rains as they are not resistant to erosion [36]. He et al. [37], found 
higher concentrations of copper, iron, manganese, and zinc in 
agricultural soils in South Florida, and that the concentration of these 
metals found in citrus and vegetable field soils correlated with the 
amounts found in surface runoff. Levels of copper in South Florida 
surface waters and biota have also been increasing due to its use in 
agriculture as a fertilizer and to control the growth of fungi and weeds 
[38]. The copper concentrations found in treated aquatic vegetation 
in Florida exceed the levels capable of causing negative toxicity effects 
in mammals [39].

Only one heavy metal, zinc, presented with higher concentrations 
during the dry season, suggesting that the main source of this metal 
to the coastal zone is not run-off. One possible explanation is that 

Figure 3: Comparison of rainfall between the wet (June-October) and dry (November-May) seasons in inches from the nearest SFWMD rain gauge in Miami-Dade 
(Gauge ID: Dade) to the mean concentrations (µg/g) of the eight metals significantly impacted by seasonality.
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anthropogenic activities involving zinc products increase during 
the dry season. Many of these sources, such as the use of sacrificial 
zinc anodes on recreational watercraft and zinc oxides in sunscreen, 
increase with the spike in tourism to Florida during the drier months. 
Sacrificial zinc anodes are used to prevent corrosion on submerged 
structures. This induces the dissolution of the anodes into the seawater 
and can lead to zinc contamination. A study performed by Rousseau 
et al. [40], showed that the dissolution of zinc anodes did raise the 
zinc concentration in the seawater and surface sediments nearby. 
With the large population and growing tourism along the coast of 
Florida, sunscreen is a widely used product. Tovar-Sanchez et al. [41], 
found high levels of zinc in the nearshore surface waters of a highly 
populated beach in the western Mediterranean Sea. Zinc is one of the 
major chemicals used in sunscreens, and concentrations were highest 
when the maximum number of beachgoers was present and during 
the hours that sunlight radiation peaked, which would correspond to 
the highest sunscreen application rates. Our results appear to follow 
the same pattern of zinc concentration spikes with higher tourism 
rates. Both findings suggest that sunscreen has the potential to pollute 
coastal waters and impact marine organisms. 

Of the elements in this study, copper, iron, manganese, nickel, 
selenium, and zinc are essential elements, while arsenic, cadmium, 
lead, and mercury is non-essential, or toxic elements [42,43]. Data 
on heavy metal toxicity thresholds and health consequences are 
very limited for seagrasses, though many studies have worked to 

determine possible associated health impacts for various heavy metals 
(Table 6). These impacts include decreased growth rates and slowed 
development, loss of leaf cell viability, reduction of photosynthetic 
processes, and nitrogen fixation disruption [44-47]. 

Since many marine species, including numerous fish species and 
invertebrates, directly consume seagrasses, this contamination may 
also pose a threat to the health of marine organisms. The effects of 
heavy metal toxicity in organisms range from minor health impacts 
and morphological changes to severe health issues and can even lead 
to death through prolonged exposure. Various fishes and crustaceans 
have displayed slow growth in the presence of heavy metals, which 
can lead to the inability to feed and digest food properly, lack of sexual 
maturation, and failure to spawn [21,48]. 

Two important species, known to feed on seagrasses in Florida, 
have already been found to contain high levels of various heavy metals 
in their body tissues. High levels of metals in green sea turtles from 
the southern Atlantic Ocean have been linked to fibropapillomatosis, 
which is known to cause severe health impacts and even death in 
many cases. The disease was found to be most closely associated with 
copper, iron, and lead contamination [49]. Manatees in Florida have 
been found to have higher concentrations of copper in their livers, 
though the health effects of this are undetermined [39]. A recent study 
also found elevated levels of copper, manganese, and zinc in whole 
blood samples of Florida manatees [50]. 

Table 4: Mean and standard deviation (µg/g) of leaves/shoots and roots/rhizomes of Thalassia testudinum, Halodule wrightii, and Syringodium filiforme, and leaves 
with epiphytes of Thalassia testudinum.

Species  As Cd Cu Fe Hg Mn Ni Pb Se Zn

Leaves/Shoots 0.51 ± 0.40 1.56 ± 0.92 9.55 ± 5.53 110.35 ± 167.59 2.44 ± 5.58 54.50 ± 43.32 12.33 ± 18.41 20.23 ± 22.18 0.64 ± 0.97 86.68 ± 53.61

Roots/Rhizomes 0.75 ± 0.71 1.42 ± 1.14 6.92 ± 4.74 171.15 ± 114.62 1.83 ± 8.97 7.76 ± 5.86 11.23 ± 16.87 17.69 ± 20.12 0.67 ± 0.26 79.88 ± 64.97

phytes 0.66 ± 0.48 1.47 ±1.31 9.20 ± 5.38 416.78 ± 410.40 3.55 ± 2.10 61.93 ± 53.72 9.82 ± 12.63 19.23 ± 27.82 0.28 ± 0.68 99.65 ± 48.20

Leaves/Shoots 0.54 ± 0.50 1.53 ± 0.97 12.85 ± 8.70 256.70 ± 260.03 2.37 ± 3.15 50.21 ± 49.74 12.29 ± 14.90 21.67 ± 31.24 0.56 ± 0.96 79.23 ± 81.87

Roots/Rhizomes 0.50 ± 0.42 1.50 ± 1.49 8.52 ± 7.10 198.73 ± 147.66 1.96 ± 2.90 7.26 ± 5.31 12.87 ± 16.15 20.66 ± 28.79 0.73 ± 0.83 61.92 ± 34.04

Leaves/Shoots 0.58 ± 0.41 1.31 ± 1.03 11.11 ± 7.54 178.01 ± 191.71 1.61 ± 2.15 21.48 ± 16.46 12.03 ± 17.04 17.09 ± 16.96 0.81 ± 0.86 82.36 ± 52.67

Roots/Rhizomes 0.55 ± 0.49 1.59 ± 1.48 7.80 ± 5.69 193.84 ± 142.46 1.63 ± 2.24 4.68 ± 4.41 9.88 ± 11.38 16.53 ± 28.68 0.55 ± 0.88 61.35 ± 41.01

Table 5: Means and standard deviation (µg/g) of heavy metal concentrations (µg/g) reported from various locations and species from other studies compared to results 
from this study.

Species As Cd Cu Fe Hg Mn Ni Pb Se Zn

This Study
(Florida, USA) T. testudinum 0.65 ± 0.56 1.49 ± 1.12 8.62 ± 5.37 234.0 ± 298.4 2.65 ± 6.47 42.7 ± 47.0 11.1 ± 16.1 19.1 ± 23.5 0.55 ± 0.74 81.9 ± 55.8

This Study
(Florida, USA) H. wrightii 0.52 ± 0.46 1.51 ± 1.25 10.67 ± 8.22 229.58 ± 214.91 2.16 ± 3.04 28.9 ± 41.5 12.6 ± 15.5 21.2 ± 30.1 0.64 ± 0.92 70.8 ± 63.4

This Study
(Florida, USA) S. filiforme 0.57 ± 0.46 1.43 ± 1.25 9.46 ± 6.88 183.53 ± 168.22 1.67 ± 2.19 13.8 ± 15.2 11.1 ± 14.8 16.8 ± 23.1 0.68 ± 0.87 72.0 ± 48.4

Barwick and Maher 
(Australia) Z.capricornii 1.20 ± 0.1 10.0 ± 0.5 9.40 ± 0.5 - - - - 1.70 ± 0.2 0.38 ± 0.08 133 ± 20

Brito et al. [27]
(Brazil) H. wrightii 2.78 0.57 6.50 - - - 5.65 2.68 - 20.1

Campanella et al. 
(Mediterranean) P. oceanica - 2.22 ± 0.75 11.6 ± 6.1 - - - - 0.91 ± 0.23 - 112 ± 5.0

Lafabrie et al.  [11]
(Mediterranean) P. oceanica - 5.38 ± 0.14 - - 0.13 ± 0.00 - 60.30 ± 3.67 1.8 ± 0.00 - -

Wahbeh H. ovalis - 5.1 ± 0.6 - 29125.9 ± 6865.4 - 244.5 ± 62.2 - - - 217.9 ± 53.5

Halodule
wrightii

Syringodium
filiforme

Thalassia
 testudinum

Leaves with 
Epi

(Jordan) 
[25]
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Table 6: Biological processes impacted by various heavy metals in laboratory 
and in situ studies.

 Biological impacts References

Cadmium
• Oxidative metabolism
• Leaf cell viability
• Growth rate
• Photosynthetic process

[44,45,47,51,52]

Copper

• Leaf cell viability
• Growth rate
• Amino acid concentrations
• Photosynthetic activities
• Browning/loss of leaves

[44,47,53-55].

Iron • Amino acid concentrations [54]

Lead
• Growth rate
• Nitrogen fixation
• Photosynthetic processes

[44,45,47]

Mercury • Growth rate
• Nitrogen fixation [44,45]

Nickel • Nitrogen fixation [45]

Zinc
• Leaf cell viability
• Growth rate
• Photosynthetic processes

[44,46,47]

Conclusion
The results showed that southeastern Florida seagrasses are 

accumulating heavy metals. Since baseline data on toxicity thresholds 
of heavy metals for marine species are limited, more research is 
needed to determine if the concentrations found pose a health risk to 
the seagrasses or the organisms that feed on them. A separate analysis 
of epiphytes would help determine their input to the total heavy metal 
concentrations of the seagrasses and if they contribute substantially 
to the heavy metal intake of grazing organisms. Future research on 
the extent of transfer of these heavy metals in grazing organisms 
would help to determine if contaminants in the seagrasses contribute 
substantially to the heavy metal load in organisms that feed on them. 
A separate study to investigate the strong correlations between certain 
heavy metals would help to identify the sources of these metals, and 
which sources pose the greatest threat to the marine ecosystem. It 
would also be useful to increase the time period over which seagrasses 
are analyzed to determine if heavy metal concentrations are relatively 
stable or increasing over time. 

Highlights
• Southeastern Florida seagrasses at three locations are 

accumulating heavy metals

• Higher concentrations of heavy metals during the wet season

• Zinc in seagrasses was at significantly higher concentrations 
during the dry season

• Heavy metal highest in leaves with attached epiphytes

• Epiphytes on southeastern Florida seagrasses contribute to 
heavy metals 

References
1. Duarte CM (1991) Seagrass depth limits. Aquatic Botany 40: 363-377

2. Orth RJ, Carruthers T, Dennsion W, Duarte C, Fourqurean J (2006) A global 
crisis for seagrass ecosystems. Bio Sci 56: 987-996.

3. Short F, Carruthers T, Dennison W, Waycott M (2007) Global seagrass 
distribution and diversity: a bioregional model. J  Exp Marine Biol Ecol 350: 
3-20.

4. Whelan III T, Espinoza J, Villarreal X, CottaGoma M (2005) Trace metal 

partitioning in Thalassia testudinum and sediments in the lower Laguna 
Madre, Texas. Environment Int 31:15-24.

5. Lanyon JM, Limpus CJ, Marsh H (1989) Dugongs and turtles: grazers 
in the seagrass system. Biology of Australian Seagrasses An Australian 
Perspective: 610-634.

6. Lewis MA, Dantin DD, Chancy CA, Abel K, Lewis C (2007) Florida seagrass 
habitat evaluation: A comparative survey for chemical quality. Environ 
Pollut146: 206-218.

7. Duarte CM (2002) The future of seagrass meadows. Environ Conserv 29: 
192-206.

8. Klumpp DW, Salita-Espinosa JS, Fortes MD (1992) The role of epiphytic 
periphyton and macroinvertebrate grazers in the trophic flux of a tropical 
seagrass community. Aquat Bot 43: 327-349.

9. Bell S, Walters K, Kern J (1984) Meiofauna from seagrass habitats: A review 
and prospectus for future research. Estuaries 7: 331-338.   

10. Gabriel C, Kerstetter DW, Hirons AC (2015) Trophic linkages of intracoastal 
waterway seagrass beds in Broward County, Florida. Florida Scientist 78: 
156-166.

11. Lafabrie C, Pergent G, Kantin R, Pergent-Martini C, Gonzalez JL (2007) 
Trace metals assessment in water, sediment, mussel, and seagrass 
species-Validation of the use of Posidonia Oceanica as a metal biomonitor. 
Chemosphere 68: 2033-2039.

12. Duever MJ, Meeder JF, Meeder LC, McCollom JM (1994) The climate of 
South Florida and its role in shaping the everglades ecosystem. In: Davis 
SM, Ogden JC. (Eds) Everglades: the Ecosystem and its Restoration. St. 
Lucie Press, pp: 225-248.

13. Fritioff A, Kautsky L, Greger M (2005) Influence of temperature and salinity 
on heavy metal uptake by submersed plants. Environ Pollut 133: 265-274.

14. Stavros HW, Bonde RK, Fair PA (2008) Concentrations of trace elements 
in blood and skin of Florida manatees (Trichechus manatus latirostris). Mar 
Pollut Bull 56: 1215-1233.

15. Tovar-Sanchez A, Seron J, Marba N, Arrieta JM, Duarte CM (2010) Long-
term records of trace metal content of western Mediterranean seagrass 
(Posidonia Oceanica) meadows: Natural and anthropogenic contributions. J  
Geophysical Res 115: G02006.

16. Govers L, Lamers L, Bouma T, Eygensteyn J, Brouwer J, et al. (2014) 
Seagrasses as indicators for coastal trace metal pollution: A global meta-
analysis serving as a benchmark, and a Caribbean case study. Environ Pollut 
195: 210-217.  

17. Reinfelder JR, Fisher NS, Luoma SN, Nichols JW, Wang WX (1998) Trace 
element trophic transfer in aquatic organisms: A critique of the kinetic model 
approach. Sci Total Environ 219: 117-135.

18. Amado Filho GM, Creed JC, Andrade LR, Pfeiffer WC (2004) Metal 
accumulation by Halodule wrightii populations. Aquat Bot 80: 241-251.

19. Coelho JP, Pereira ME, Duarte AC, Pardal MA (2009) Contribution of primary 
producers to mercury trophic transfer in estuarine ecosystems: Possible 
effects of eutrophication. Mar Pollut Bull 58: 358-365.

20. Rainbow P (1985) The biology of heavy metals in the sea. Intern J 
Environmental Studies 25: 195-211.

21. Bryan GW (1971) The effects of heavy metals (other than mercury) on marine 
and estuarine organisms. Proceedings of the Royal Society of London 177: 
380-410.

22. Das K, Debacker V, Pillet S, Bouquegneau J (2003) Heavy metals in marine 
mammals. In: Toxicology of marine mammals. T and F Publishers, pp: 135-167.

23. Deforges J, Sonne C, Levin M, Siebert U, de Guise S, et al. (2016) 
Immunotoxic effects of environmental pollutants in marine mammals. Environ 
Int 86: 126-139.

24. Clarke KR, Gorley RN (2015) PRIMER v7: User Manual/Tutorial. PRIMER-E, 
Plymouth, p: 296

25. Wahbeh M (1984) Levels of zinc, manganese, magnesium, iron, and cadmium 
in three species of seagrass from Aqaba (Jordan). Aquat Bot 20: 179-183. 

26. Barwick M, Maher W (2003) Biotransference and biomagnification of 
selenium, copper, cadmium, zinc, arsenic, and lead in a temperate seagrass 

Volume 8 • Issue 2 • 1000206

https://doi.org/10.1016/0304-3770(91)90081-F
https://doi.org/10.1641/0006-3568(2006)56%5b987:AGCFSE%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56%5b987:AGCFSE%5d2.0.CO;2
http://dx.doi.org/10.1016/j.jembe.2007.06.012
http://dx.doi.org/10.1016/j.jembe.2007.06.012
http://dx.doi.org/10.1016/j.jembe.2007.06.012
https://doi.org/10.1016/j.envint.2004.05.010
https://doi.org/10.1016/j.envint.2004.05.010
https://doi.org/10.1016/j.envint.2004.05.010
http://dx.doi.org/10.1016/j.envpol.2006.04.041
http://dx.doi.org/10.1016/j.envpol.2006.04.041
http://dx.doi.org/10.1016/j.envpol.2006.04.041
https://doi.org/10.1017/S0376892902000127
https://doi.org/10.1017/S0376892902000127
https://doi.org/10.1016/0304-3770(92)90046-L
https://doi.org/10.1016/0304-3770(92)90046-L
https://doi.org/10.1016/0304-3770(92)90046-L
https://doi.org/10.2307/1351617
https://doi.org/10.2307/1351617
https://doi.org/10.1016/j.chemosphere.2007.02.039
https://doi.org/10.1016/j.chemosphere.2007.02.039
https://doi.org/10.1016/j.chemosphere.2007.02.039
https://doi.org/10.1016/j.chemosphere.2007.02.039
https://doi.org/10.1016/j.envpol.2004.05.036
https://doi.org/10.1016/j.envpol.2004.05.036
http://imedea.uib-csic.es/~txetxu/Publications/Tovar-Sanchez_2010_Long.pdf
http://imedea.uib-csic.es/~txetxu/Publications/Tovar-Sanchez_2010_Long.pdf
http://imedea.uib-csic.es/~txetxu/Publications/Tovar-Sanchez_2010_Long.pdf
http://imedea.uib-csic.es/~txetxu/Publications/Tovar-Sanchez_2010_Long.pdf
https://doi.org/10.1016/j.envpol.2014.08.028
https://doi.org/10.1016/j.envpol.2014.08.028
https://doi.org/10.1016/j.envpol.2014.08.028
https://doi.org/10.1016/j.envpol.2014.08.028
https://doi.org/10.1016/s0048-9697(98)00225-3
https://doi.org/10.1016/s0048-9697(98)00225-3
https://doi.org/10.1016/s0048-9697(98)00225-3
https://doi.org/10.1016/j.aquabot.2004.07.011
https://doi.org/10.1016/j.aquabot.2004.07.011
https://doi.org/10.1016/j.marpolbul.2008.10.014
https://doi.org/10.1016/j.marpolbul.2008.10.014
https://doi.org/10.1016/j.marpolbul.2008.10.014
https://doi.org/10.1080/00207238508710225
https://doi.org/10.1080/00207238508710225
https://doi.org/10.1098/rspb.1971.0037
https://doi.org/10.1098/rspb.1971.0037
https://doi.org/10.1098/rspb.1971.0037
https://pdfs.semanticscholar.org/ffb8/46f39ebf63f77e5d895c6ae774188b8b6a29.pdf
https://pdfs.semanticscholar.org/ffb8/46f39ebf63f77e5d895c6ae774188b8b6a29.pdf
https://doi.org/10.1016/j.envint.2015.10.007
https://doi.org/10.1016/j.envint.2015.10.007
https://doi.org/10.1016/j.envint.2015.10.007
http://updates.primer-e.com/primer7/manuals/User_manual_v7a.pdf
http://updates.primer-e.com/primer7/manuals/User_manual_v7a.pdf
https://doi.org/10.1016/S0141-1136(03)00028-X
https://doi.org/10.1016/S0141-1136(03)00028-X


Citation: Smith EM, Giarikos D, Daniels A, Hirons AC (2019) Heavy Metal Accumulation in Seagrasses in Southeastern Florida. J Mar Biol Oceanogr 8:2.

• Page 8 of 8 •

ecosystem from Lake Macquarie Estuary, NSW, Australia. Mar Environ Rese 
56: 471-502.

27. Brito G, de Souza T, Costa F, Moura C, Korn M (2016) Baseline trace 
elements in the seagrass Halodule wrightii Aschers (Cymodoceaceae) from 
Todos os Santos Bay, Bahia, Brazil. Mar Pollut Bull 104: 335-342.

28. Nichols PD, Johns RB (1985) Lipids of the tropical seagrass Thallassia 
hemprichii. Phytochemistry 24: 81-84.  

29. Khan MAK, Wang F (2009) Mercury-selenium compounds and their 
toxicological significance: Toward a molecular understanding of the mercury-
selenium antagonism. Environmen Toxicol 28: 1567-1577.

30. US Geological Survey (2016) Runoff (surface water runoff). The USGS Water 
Science School. 

31. Llagostera I, Perez M, Romero J (2011) Trace metal content in the seagrass 
Cymodocea nodosa: differential accumulation in plant organs. Aquat Bot 95: 
124-128.

32. Kitting CL, Fry B, Morgan MD (1984) Detection of inconspicuous epiphytic 
algae supporting food webs in seagrass meadows. Oecologia 62: 145-149.

33. Moncreiff CA, Sullivan MJ (2001) Trophic importance of epiphytic algae in 
subtropical seagrass beds: evidence from multiple stable isotope analyses. 
Mar Ecol Prog Ser 215: 93-106.

34. Borowitzka MA, Lavery PS, van Keulen M (2006) Epiphytes of Seagrasses. 
In: Larkum, AWD, Orth RJ, Duarte C (Eds). Seagrasses, Biology, Ecology, 
and Conservation. Springer, pp: 441-461

35. Zhang M, Alva A, Li YC, Calvert DV (1997) Chemical association of Cu, Zn, 
Mn, and Pb in selected sandy citrus soils. Soil Sci 162: 181-188. 

36. Zhang M, He Z, Calvert DV, Stoffella PJ (2004) Spatial and temporal variations 
of water quality in drainage ditches within vegetable farms and citrus groves. 
Agric Water Manag 65: 39-57. 

37. He ZL, Zhang MK, Calvert DV, Stoffella PJ, Yang XE, et al. (2004) Transport 
of heavy metals in surface runoff from vegetable and citrus fields. Soil Sci Soc 
Am J 68: 1662-1669.

38. Schuler L, Hoang T, Rand G (2008) Aquatic risk assessment of copper in 
freshwater and saltwater ecosystems of South Florida. Ecotoxicology 17: 
642-659. 

39. O’Shea T, Moore J, Kochman H (1984) Contaminant concentrations in 
manatees in Florida.  J Wildlife Manage 48: 741-748.

40. Rousseau C, Baraud F, Leleyter L, Gil O (2009) Cathodic protection by 
zinc sacrificial anodes: Impact of marine sediment metallic contamination. J 
Hazardous Materials 167: 953-958.

41. Tovar-Sanchez  A, Sanchez-Quiles D, Basterretxea G, Benede JL, Chisvert 
A, et al. (2013) Sunscreen products as emerging pollutants to coastal waters. 
Plos One 8: e65451.

42. Ambo-Rappe R, Lajus DL, Schreider MJ (2011) Heavy metal impact on 
growth and leaf asymmetry of seagrass, Halophila ovalis. J Environmen 
Chemi Ecotoxicol 3: 149-159.

43. Sudharsan S, Seedevi P, Ramasamy P, Subhapradha N, Vairamani S, et 
al. (2012) Heavy metal accumulation in seaweeds and seagrasses along 
southeast coast of India. J Chem Pharma Res 4: 4240-4244.

44. Lyngby JE, Brix H (1984) The uptake of heavy metals in eelgrass Zostera 
marina and their effect on growth. Ecological Bulletin 36: 81-89.

45. Brackup I, Capone DG (1985) The effect of several metals and organic 
pollutants on nitrogen fixation (acetylene reduction) by the roots and rhizomes 
of Zostera marina L. Environ Exp Bot 25: 145-151

46. Malea P, Kevrekidis T, Haritonidis S (1995b) The short-term uptake of zinc 
and cell morality of the seagrass Halophila stipulacea (Forsk.) Aschers. Israel 
J Plant Sci 43: 21-30.

47. Ralph PJ, Burchett MD (1998) Photosynthetic response of Halophila ovalis to 
heavy metal stress. Environ Pollut 103: 91-101.

48. Zeitoun MM, Mehana EE (2014) Impact of water pollution with heavy metals 
in fish health: Overview and updates. Global Veterinaria 12: 219-231.

49. Carneiro da Silva C, Klein RD, Barcarolle IF, Bianchini A (2016) Metal 

contamination as a possible etiology of fibropapillomatosis in juvenile female 
green sea turtles Chelonia mydas from the southern Atlantic Ocean. Aquat 
Toxicol 170: 42-51.

50. Takeuchi NY, Walsh MT, Bonde RK, Powell JA, Bass DA, et al. (2016) The 
baseline reference range for trace metal concentrations in whole blood of wild 
and managed West Indian manatees (Trichechus manatus) in Florida and 
Belize. Aquat Mamm 42: 440-453.

51. Malea P (1994) Uptake of cadmium and the effect on the viability of leaf cells 
in the seagrass Halophila stipulacea (Forsk.) Aschers. Botanica Marina 37: 
67-73.

52. Hamoutene D, Romeo M, Gnassia M, Lafaurie M (1996) Cadmium effects of 
oxidative metabolism in a marine seagrass: Posidonia Oceanica. Bull Environ 
Contam Toxicol 56: 327-334.

53. Malea P, Kevrekidis T, Haritonidis S (1995) The short-term uptake of copper 
by the two parts of the seagrass Halophila stipulacea (Forsk). Aschers and 
leaf cells viability. Fresenius Environ Bull 4: 117-122.

54. Prange JA, Dennison WC (2000) Physiological responses of five seagrass 
species to trace metals. Mar Pollut Bull 41: 327-336.

55. Macinnis-Ng CM, Ralph PJ (2004) Variations in sensitivity to copper and 
zinc among three isolated populations in the seagrass, Zostera Capricorn. J 
Experiment Mar Biol Ecol 302: 63-83.

Submit your next manuscript and get advantages of SciTechnol 
submissions

 � 80 Journals
 � 21 Day rapid review process
 � 3000 Editorial team
 � 5 Million readers
 � More than 5000 
 � Quality and quick review processing through Editorial Manager System

Submit your next manuscript at ● www.scitechnol.com/submission

Author Affiliations        Top

1Nova Southeastern University, Halmos College of Natural Sciences and 
Oceanography, Department of Marine and Environmental Sciences, 
8000 North Ocean Drive, Dania Beach, Florida 33004

2Nova Southeastern University, Halmos College of Natural Sciences and 
Oceanography, Department of Chemistry and Physics, 
 3301 College Avenue, Fort Lauderdale, 3301, Florida 33314
3U.S. Geological Survey, NSU Center for Collaborative Research (CCR), 
3301 College Avenue, Fort Lauderdale, Florida 33314

Volume 8 • Issue 2 • 1000206

https://doi.org/10.1016/S0141-1136(03)00028-X
https://doi.org/10.1016/S0141-1136(03)00028-X
https://doi.org/10.1016/j.marpolbul.2016.01.044
https://doi.org/10.1016/j.marpolbul.2016.01.044
https://doi.org/10.1016/j.marpolbul.2016.01.044
https://doi.org/10.1897/08-375.1
https://doi.org/10.1897/08-375.1
https://doi.org/10.1897/08-375.1
https://water.usgs.gov/edu/runoff.html
https://water.usgs.gov/edu/runoff.html
https://doi.org/10.1007/BF00379006
https://doi.org/10.1007/BF00379006
https://doi.org/10.3354/meps215093
https://doi.org/10.3354/meps215093
https://doi.org/10.3354/meps215093
https://doi.org/10.2136/sssaj2004.1662
https://doi.org/10.2136/sssaj2004.1662
https://doi.org/10.2136/sssaj2004.1662
https://doi.org/10.1007/s10646-008-0236-7
https://doi.org/10.1007/s10646-008-0236-7
https://doi.org/10.1007/s10646-008-0236-7
https://doi.org/10.2307/3801421
https://doi.org/10.2307/3801421
https://doi.org/10.1016/j.jhazmat.2009.01.083
https://doi.org/10.1016/j.jhazmat.2009.01.083
https://doi.org/10.1016/j.jhazmat.2009.01.083
https://doi.org/10.1371/journal.pone.0065451
https://doi.org/10.1371/journal.pone.0065451
https://doi.org/10.1371/journal.pone.0065451
https://academicjournals.org/article/article1379488738_Ambo-Rappe et al.pdf
https://academicjournals.org/article/article1379488738_Ambo-Rappe et al.pdf
https://academicjournals.org/article/article1379488738_Ambo-Rappe et al.pdf
https://pdfs.semanticscholar.org/76db/684a7cb82437a4dd7b3fe7d63db8405fc398.pdf
https://pdfs.semanticscholar.org/76db/684a7cb82437a4dd7b3fe7d63db8405fc398.pdf
https://pdfs.semanticscholar.org/76db/684a7cb82437a4dd7b3fe7d63db8405fc398.pdf
https://doi.org/10.1016/0098-8472(85)90020-6
https://doi.org/10.1016/0098-8472(85)90020-6
https://doi.org/10.1016/0098-8472(85)90020-6
https://doi.org/10.1080/07929978.1995.10676587
https://doi.org/10.1080/07929978.1995.10676587
https://doi.org/10.1080/07929978.1995.10676587
https://doi.org/10.1016/S0269-7491(98)00121-3
https://doi.org/10.1016/S0269-7491(98)00121-3
https://doi.org/10.5829/idosi.gv.2014.12.02.82219
https://doi.org/10.5829/idosi.gv.2014.12.02.82219
https://doi.org/10.1016/j.aquatox.2015.11.007
https://doi.org/10.1016/j.aquatox.2015.11.007
https://doi.org/10.1016/j.aquatox.2015.11.007
https://doi.org/10.1016/j.aquatox.2015.11.007
https://doi.org/10.1578/AM.42.4.2016.440
https://doi.org/10.1578/AM.42.4.2016.440
https://doi.org/10.1578/AM.42.4.2016.440
https://doi.org/10.1578/AM.42.4.2016.440
https://doi.org/10.1515/botm.1994.37.1.67
https://doi.org/10.1515/botm.1994.37.1.67
https://doi.org/10.1515/botm.1994.37.1.67
http://dx.doi.org/10.1016/S0025-326X(00)00126-0
http://dx.doi.org/10.1016/S0025-326X(00)00126-0
http://dx.doi.org/10.1016%2Fj.jembe.2003.10.002
http://dx.doi.org/10.1016%2Fj.jembe.2003.10.002
http://dx.doi.org/10.1016%2Fj.jembe.2003.10.002

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Materials and Methods
	Study area, species, and sampling
	Permitting
	Metals analysis
	Statistical analysis

	Results
	Heavy metals 
	Location
	Season
	Seagrass species
	Morphology

	Discussion
	Conclusion
	Highlights
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Figure 1
	Figure 2
	Figure 3
	References



