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Some anthropogenic contaminants were prevalent in seagrass and their rooted
sediments but the biological significance is unknown.

Abstract

Contaminant concentrations were determined for media associated with 13 Florida seagrass beds. Concentrations of 10 trace metals were
more commonly detected in surface water, sediment and two seagrass species than PAHs, pesticides and PCBs. Concentrations of copper
and arsenic in surface water exceeded Florida aquatic life criteria more frequently than other trace elements. Total organic carbon, mercury,
chromium, zinc, total chlordane, total PAHs, total PCBs, DDD and DDE were significantly greater in seagrass-rooted sediments than adjacent
non-vegetated sediments. Total DDT, DDD, DDE, total chlordane, arsenic, copper and nickel exceeded proposed sediment quality guidelines at
six of 13 grass beds. Pesticides, PAHs, and PCBs were below detection in seagrass tissues. Mercury, cadmium, nickel, lead and silver were
detected in 50% or more of the tissues for Thalassia testudinum (turtle grass) and Halodule wrightii (shoal grass). Spatial, interspecific and tissue
differences were usually an order of magnitude or less.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Anthropogenic contaminants enter the Gulf of Mexico from
a variety of point and non-point sources. For example, approx-
imately, 5850 metric tons (13 million pounds) of toxic sub-
stances were discharged from wastewater outfalls and about
4500 metric tons (10 million pounds) of pesticides were ap-
plied to agricultural fields in Gulf of Mexico coastal counties
during 1987 (Pait et al., 1992). Herbicide use in the Gulf of
Mexico region is the highest for any coastal area in the U.S.

(Pait et al., 1992). In addition, potentially toxic trace elements
such as copper, zinc and chromium are included in the top 10
toxicants released to estuarine areas in this region (U.S. EPA,
1994). Despite numerous contaminant sources, the fate and ef-
fects of most potential toxicants are not known for most indig-
enous flora and fauna including species at risk such as
seagrasses.

Factors controlling seagrass distribution and condition are
of increasing interest to the scientific community due to their
ecological and economic value (Duarte, 1999). Seagrass com-
munities have at least 13 ecological roles (Dawes et al., 2004).
Seagrasses support important grazing and detrital food webs,
stabilize sediment, and are important in global carbon and
nutrient cycling. Furthermore, hundreds of planktonic,
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epibenthic and infaunal species are dependent upon grass beds
for survival (Virnstein, 1987; Jackson et al., 2001). For exam-
ple, 70e90% of commercial fish rely on seagrass habitat for
a part of their life cycle. The value of one seagrass acre has
been estimated to be between 9000 and 28,000 USD (USGS,
in press).

Six of eleven seagrass species found in the U.S. near-shore
waters are common in the Gulf of Mexico coastal region. Sea-
grass coverage in the northern Gulf of Mexico has been esti-
mated to be 2.5 million acres (about 1 million ha) (U.S.
EPA, 1992) and 2.1 million acres (850 thousand acres) for
Florida’s Gulf coast (Dawes et al., 2004). Seagrasses in this re-
gion have declined 20e100% in some areas during the past 50
years (USGS, in press). For example, approximately 85% of
the seagrass acreage in Florida has been lost (U.S. EPA,
1990, 1992). In a broader context, seagrass ecosystems con-
taining 24 species have been reduced at 40 worldwide loca-
tions (Hemminga and Duarte, 2000). These reductions have
been attributed to natural causes such as grazing, changes in
temperature and salinity, sedimentation, erosion and disease
and to anthropogenic factors such as prop scarring, dredging,
eutrophication, siltation and toxic chemicals (Hemminga and
Duarte, 2000). The contribution of toxic chemicals to seagrass
declines, the focus of this study, is largely unknown and has
been investigated less frequently than the effects attributable
to nutrient enrichment which is considered the primary cause
of seagrass declines. However, some consider the impact of
anthropogenic chemicals to be significant and worthy of in-
creased investigation (Catsiki and Panayotidis, 1993; Short
and Wyllie-Echeverria, 1996; Peters et al., 1997; Schlacher-
Hoenlinger and Schlacher, 1998; Bester, 2000; Ralph, 2000).

Understanding the fate and effects of non-nutrient anthro-
pogenic chemicals has not been a priority research topic for
Florida seagrass beds despite the importance of the informa-
tion to the risk assessment process. Studies have been con-
ducted more commonly to determine seagrass distribution
(Iverson and Bittaker, 1986; Hall et al., 1999; Zieman et al.,
1999; Fourqurean et al., 2002), biomass and productivity
(Dawes et al., 1985; Tomasko and Hall, 1999; Bologna and
Haywick, 2002), environmental controlling factors (Living-
ston et al., 1998; Fletcher and Fletcher, 1995; Erskine and
Koch, 2000; Koch and Erskine, 2001; Irlandi et al., 2002),
and the diversity of seagrass-dependent flora and fauna (Hall
and Bell, 1993; Frankovich and Zieman, 1994; Matheson
et al., 1999).

Due to the scarcity of reported information, a screening sur-
vey was conducted to determine the magnitude of contaminant
concentrations in seagrass tissues, vegetated and non-vege-
tated sediments and overlying surface waters collected from
13 Florida grass beds. This paper summarizes the results of
the survey and compares them to those previously reported
for other grass beds and geographical areas. The results serve
as a baseline database to which future evaluations can be com-
pared, represent realistic exposure concentrations which will
be useful for future phytotoxicity tests, and add to the ongoing
evaluation of the suitability of seagrasses to serve as indicators
of environmental condition (Brix et al., 1983; Ward et al.,

1986; Tiller et al., 1989; Catsiki and Panayotidis, 1993; Per-
gent-Martini, 1998; Prange and Dennison, 2000).

2. Material and methods

2.1. Study areas

Surface water, sediment and seagrass were collected once from 13 Florida

seagrass beds at seven locations during 2001e2002 (Fig. 1). Six beds were

sampled in Santa Rosa Sound (Santa Rosa County, FL) adjacent to a golf com-

plex, residential canal, residential bayou, public marina, municipal wastewater

outfall (Pensacola Beach) and the Gulf Islands National Seashore. Santa Rosa

Sound adjacent to the National Seashore is a Florida Outstanding Water des-

ignated to receive the highest level of protection. In addition, seagrasses were

collected from St. Joseph Bay (Bay County, FL) adjacent to a public marina

and residential bayou and from channels associated with Ohio and Little

Duck Keys (Monroe County, FL).

2.2. Media collection

Sediments attached to roots and rhizomes were collected by hand. Sedi-

ments were collected also from adjacent non-vegetated areas to a depth of ap-

proximately 13 cm using a petite ponar grab. Sediments from the top 5 cm

were passed through a sieve (10-mm-mesh size) to remove any vegetative ma-

terial and benthic organisms prior to homogenization and storage at 4 �C in

acid-washed glass containers. One grab sample of surface water was collected

above each seagrass bed at an approximate depth of 0.2 m and stored in acid-

washed bottles at 4 �C until chemical analysis. Samples for trace metal anal-

yses were preserved with 1% concentrated HCl.

Whole plant Thalassia testudinum Banks ex König (turtle grass) and Hal-
odule wrightii Aschers (shoal grass) were collected usually from monotypic

stands at a depth of 1.5 m or less using a spade shovel. T. testudinum is con-

sidered an index or keystone species (Peters et al., 1997) and it and H. wrightii
are common to the northwest and southern coasts of Florida (Iverson and Bit-

taker, 1986). After uprooting and removal of sediments, the plants were thor-

oughly rinsed at least twice on site with seawater to remove remaining

inorganic particles. Whole plants were placed in sealed polyethylene bags,

stored on ice and returned to the lab. Epibiota were removed from leaves by

scraping with razor blades. Whole green blades (non-calcareous) and rhizomes

and roots were removed and rinsed with deionized water and stored separately

at 4 �C before chemical analysis.

2.3. Chemical analyses: surface waters

Surface waters, sediments and seagrass tissues collected from each site

were analyzed once for 10 trace metals, 23 polycyclic aromatic hydrocarbon

compounds (PAH), 25 chlorinated pesticides and 18 polychlorinated biphenyl

congeners (PCB). All chemicals in surface water and other media were ana-

lyzed following U.S. EPA (1997) procedures. Trace metals were analyzed

with a Jarrell-Ash Atomcomp Series 800 inductive coupled plasma mass spec-

trometer (Fisher Scientific Co., Franklin, MA). Mercury was quantified with

a Leeman PS 200 Automated Mercury Analyzer (Leeman Labs Inc., Hudson,

NH) using cold vapor spectrometry with tin (IV) as the reductant. Concentra-

tions of PAHs, chlorinated pesticides, and PCBs were determined using an HP

5890 Series II gas chromatograph (HewlettePackard Corp., Palo Alto, CA).

The detection limits (mg/L) were between 0.2 and 5.0 (trace metals), 19.0

(PCBs and chlorinated pesticides) and 4.0 (PAHs). Contaminant concentra-

tions in surface water were compared to Florida water quality criteria for pro-

tection of marine life (Florida Department of Environmental Protection, 1996).

2.4. Chemical analysis: sediments

Vegetated and adjacent non-vegetated sediments were analyzed for total or-

ganic carbon (method detection limit¼ 0.03%) and particle size distribution us-

ing standard procedures (APHA et al., 1995). Sediments were analyzed for trace

metals following U.S. EPA techniques (U.S. EPA, 1997) for concentrated nitric
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acid extraction, clean-up and analysis using the same instrumentation as for sur-

face water. Method detection limits were between 0.004 and 0.4 (mg/g dry wt.).

Method detection limits for some trace metals and media (sediment, seagrass

tissue) differed on occasion due to use of two analytical support laboratories.

Sediments were solvent extracted (acetone/acetonitrile) for 30 min and

then analyzed for PAHs, chlorinated pesticides, and PCBs using an HP-5890

Series II Gas Chromatograph (HewlettePackard, Palo Alto, CA) equipped

with an HP-5 fused silica analytical column and mass spectrum temperature

Fig. 1. Seven locations (C) in northwest and south Florida where 13 seagrass beds were sampled for surface water, sediment and whole plants.

Table 1

Trace metal concentrations (mg/L) in surface water over seagrass beds

Locations Trace metals

As Cr Cu Ni Pb Zn Total Hg

Santa Rosa Sound

� Bayou (B) 75.6 <0.8 58.5 <0.9 <0.6 <3.0 <0.2

� Golf Complex (GC) 64.0 <0.8 56.5 <0.9 <0.6 <3.0 <0.2

� Canal (C) 70.4 <0.8 61.1 <0.9 <0.6 19.0 <0.2

� National Seashore (NS) 70.6 <0.8 55.9 <0.9 <0.6 <3.0 <0.2

�Wastewater Outfall (WO) 70.7 <0.8 58.1 <0.9 5.3 27.6 0.38

�Marina (M) 55.7 <0.8 57.6 20.6 16.7 66.4 0.31

Little Sabine Bay (LSB) 56.3 <0.8 56.4 <0.9 11.2 32.6 <0.2

Choctawhatchee Bay (CB) 67.5 5.2 14.3 5.8 1.5 <3.0 <0.2

Bonito Bay (BB) 47.4 <0.8 26.2 <0.9 <0.6 <3.0 0.24

St. Joseph Baya 36.3 3.1 13.9 5.2 1.3 <3.0 <0.2

Ohio Key (OK) 42.4 25.4 16.8 6.0 <0.6 <3.0 <0.2

Little Duck Key (LDK) 44.3 4.7 17.7 6.3 0.7 <3.0 <0.2

MDL (mg/L)b 5.0 0.8 0.7 0.9 0.6 3.0 0.2

>MDLc 100 33 100 50 50 33 25

WQCd <50 <50 <2.9 <8.3 <5.6 <86 <0.25

Values are for one sample. Concentrations of cadmium, silver and selenium were below the method detection limits of 1.0 mg/L (cadmium and silver) and 5.0 mg/L

(selenium). Concentrations in bold exceed water quality criteria for Florida marine waters (Florida Department of Environmental Protection, 1996).
a For both marina (SJBM) and bayou sites (SJBB).
b MDL e method detection limit.
c Percent of samples exceeding MDL.
d Water quality criteria (mg/L).
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detector. The method detection limits (ng/g dry wt.) were 1.0 (PAHs) and 0.2

(PCB congeners and chlorinated pesticides).

Sediment contaminant concentrations in sediment were compared to sedi-

ment quality assessment guidelines (SQG) proposed for Florida coastal areas

(Florida Department of Environmental Protection, 1994; MacDonald et al.,

1996). The threshold effects level (TEL) and probable effects level (PEL)

guidelines were used in the comparisons (U.S. EPA, 1994). The TEL is the

threshold effect level above which adverse biological effects may occur to

the benthos. Contaminant concentrations exceeding threshold effect level

(TEL) guidelines but less than probably effect level (PEL) guidelines are

thought to represent minimal risk whereas those exceeding PEL guidelines

are more likely to cause negative impacts. For additional perspective, when in-

dividual guidelines were not exceeded, the concentrations of individual chem-

icals detected in each sediment sample were divided by their corresponding

TEL and PEL guideline values and the fractions (quotients) summed. This

technique has been used elsewhere (Long et al., 1998) and it is based on the

assumption of additive chemical toxicity. Summed quotients exceeding one

are considered equivalent to the exceedance of at least one SQG.

Normalization of trace metal-to-aluminum ratios was used to determine if

the sediment contaminants exceeded geochemical background concentrations.

Concentrations of six trace metals were plotted against that for aluminum and

then compared to expected ratios for uncontaminated Florida coastal sedi-

ments reported by Schropp et al. (1990).

2.5. Chemical analysis: seagrass

Methods and instrumentation for extraction, digestion and chemical anal-

ysis of seagrass tissues were similar to those used for sediments. Blades and

roots and rhizomes (combined) were analyzed separately. Tissue samples

were dried overnight at 105 �C and then digested in 50% nitric acid using a

microwave oven. The method detection limits were between 0.01 and

50.0 mg/g dry wt. (trace metals) and between 2 and 20 ng/g dry wt. (PAHs,

chlorinated pesticides and PCBs).

2.6. Quality control

Quality control samples included blanks, sample spikes, sample duplicates,

calibration checks and analyses of standard reference materials (SRM 2704 e

Buffalo River sediment; SRM 1547-peach leaves) obtained from the National

Institute of Standards and Technology (Gaithersburg, MD). All analytical data

met objectives for blanks, control standards, duplicates as well as spike and

internal standard recoveries. The average recoveries for trace metals were

80% (both standard reference materials), 100% (spiked reagent control sam-

ple), and 99% (spiked sample matrices). Recoveries for pesticide, PAH and

PCB matrix-spiked samples averaged 65% or more.

2.7. Bioconcentration factors (BCF)

Bioconcentration factors were calculated based on trace metal concentra-

tions in vegetated sediments and above and below substrate tissues as follows:

BCF¼ Concentration in seagrass tissue ðmg=g dry wt:Þ
Concentration in vegetated sediments ðmg=g dry wt:Þ

BCF values were also calculated for trace metals in surface water (mg/L) and

epiphyte-free blades (mg/g dry wt.). BCF values were not determined for or-

ganic contaminants due to infrequent detection.

2.8. Statistical analysis

Mean TOC and contaminant concentrations were compared between vegetated

and non-vegetated sediments and also between seagrass tissues using one-way

analysis of variance (ANOVA) (SAS Institute Inc., 1991). Data were combined

from all seagrass beds for these analyses. When F values were significant at

(P< 0.05), means were compared by use of Tukey’s Studentized Range Test.

Table 2

Total organic carbon (%) and particle size distribution (%) for sediments col-

lected from seagrass vegetated (V) and adjacent non-vegetated (NV) areas

Locations Total organic carbon Particle size distribution

Sand Silt Clay

V NV V NV V NV V NV

Santa Rosa Sound

� Bayou 0.9 0.1 93 99 3 0 4 1

� Golf Complex 1.1 0.3 93 98 3 <1 4 1

� Canal 0.2 0.1 98 99 0 <1 2 <1

� National Seashore 0.5 0.1 96 99 1 1 2 1

�Wastewater Outfall 0.2 0.1 99 99 0 <1 1 <1

�Marina 0.3 <0.1 95 98 2 2 3 <1

Little Sabine Bay 0.4 0.1 96 99 2 <1 2 <1

Choctawhatchee Bay 1.8 1.7 97 97 1 1 2 1

Bonito Bay 0.4 0.1 97 99 1 0 3 1

St. Joseph Bay

�Marina 1.0 0.6 97 97 1 1 2 2

� Residential Bayou 12.0 0.7 91 97 6 1 3 2

Ohio Key 0.2 0.2 86 87 11 6 3 7

Little Duck Key 1.0 0.8 87 65 11 27 2 8

Concentrations are for one sample.

Table 3

Concentrations (ng/g dry wt.) of total PCBs, PAHs, DDT and chlordane in sediments collected from seagrass vegetated (V) and adjacent non-vegetated (NV) areas

Locations Total PCBs Total PAHs Total DDT Total chlordane

V NV V NV V NV V NV

Santa Rosa Sound

� Bayou 1.2 0.4 950.0 24.8 10.3 0.2 0.35 BD

� Golf Complex 0.9 0.4 545.0 40.5 5.0 0.6 5.0 BD

� Canal 0.6 0.4 35.2 3.4 0.1 0.1 BD BD

� National Seashore 1.1 0.3 55.9 13.3 1.4 1.6 0.10 BD

�Wastewater Outfall 0.7 0.2 61.2 11.4 0.5 0.1 0.49 0.10

�Marina 1.0 0.1 122.0 13.6 0.1 BD BD BD

Little Sabine Bay 1.4 0.3 181.0 10.9 0.2 BD 0.10 BD

Bonito Bay 7.0 0.3 204.0 31.0 1.6 0.7 BD BD

TELa 21.6 1684 3.89 2.26

PELa 189 16,770 51.7 4.79

Concentrations are for one sample and those in bold exceed proposed sediment quality guidelines for Florida near-coastal areas (MacDonald et al., 1996). BD e

less than method detection limit. Concentrations not available for Choctawhatchee Bay, St. Joseph Bay and Ohio and Little Duck Key channels.
a Threshold (TEL) and probable effect level (PEL) guideline values (ng/g dry wt.).
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Data were log-transformed (base 10) when necessary and all assumptions were

met for the ANOVA. Method detection limit concentrations (MDL) were used

in calculation of means when concentrations were less than the MDL.

3. Results

3.1. Surface water

Concentrations of all PAH compounds, chlorinated pesti-
cides, PCB congeners, cadmium, selenium and silver were be-
low detection. The seven remaining trace metals were detected
in 25e100% of the total samples analyzed. Of these, total
arsenic and copper were detected more commonly (over 813
seagrass beds) and concentrations (mg/L) ranged from 36.3
to 75.6 (arsenic) and from 13.9 to 61.1 (copper) (Table 1).
The environmental fate of mercury is of special concern in
the Gulf of Mexico since the entire coastline is under a fish
consumption advisory. Total mercury concentrations, ranged
from <0.2 to 0.38 mg/L and exceeded the water quality crite-
rion of <0.25 mg/L at two of 13 grass beds. Criterion values
were also exceeded for copper and arsenic and, less frequently,
for nickel and lead. More trace metals were detected in surface
water over grass beds in Santa Rosa Sound near a marina (six),
and the fewest (two) were observed in areas adjacent to the
golf complex, residential bayou and National Seashore.

3.2. Sediment

3.2.1. Particle size distribution and total
organic carbon (TOC)

Most vegetated and non-vegetated sediments were sand-
dominated (Table 2). Vegetated sediments contained, on
average, 2% less sand and 1e2% more silts and clays. Total
organic carbon (%) ranged from 0.2 to 12.0 (vegetated) and
from <0.1 to 1.7 (non-vegetated). The mean TOC concentra-
tion was significantly greater for vegetated sediment.

3.2.2. Total PAHs, total PCBs and pesticides
Total concentrations of PCB congeners, PAHs and DDT

varied spatially one to two orders of magnitude (Table 3).

Total PCBs and total PAHs were significantly greater in vege-
tated sediments but concentrations were less than proposed nu-
merical sediment quality guidelines (SQG). In contrast, total
DDT concentrations exceeded the TEL guideline (3.89
ng/g dry wt.) in vegetated sediments collected from Santa
Rosa Sound near the bayou and golf complex. Concentrations
(ng/g dry wt.) of DDE and DDD averaged 0.66 (�0.78) and
1.1 (�0.80), respectively, in vegetated sediments and were
significantly greater than in non-vegetated sediments. Grass bed
sediments collected near the bayou contained concentrations
(ng/g dry wt.) of DDE (2.6) and DDD (2.4) that exceeded
TEL guideline values (DDE e 2.1; DDD e 1.2).

Non-DDT pesticides were below detection, except for
chlordane (Table 3). Chlordane was detected more frequently
and was significantly greater in vegetated sediments. However,
total chlordane concentrations were less than the proposed
sediment quality guideline (2.26 ng/g), with one exception
(golf complex site).

3.2.3. Trace metals
The differences in concentrations for the same trace metal

were usually one order of magnitude or less among grass
beds and between sediment types (Table 4). Chromium, cop-
per, nickel, lead and zinc were more frequently detected in
vegetated sediment (Fig. 2) and mean concentrations of chro-
mium, zinc and total mercury were significantly greater. The
greatest difference in mean concentrations for the two sedi-
ment types was for mercury. Total mercury concentrations in
non-vegetated sediment, with the exception for the sample
collected at a marina, were below detection (<0.004
mg/g dry wt.). In contrast, concentrations averaged 0.009
(�0.006; range¼ 0.004e0.018) mg/g dry wt. for six of eight
vegetated samples. No individual PEL guidelines for trace
metals were exceeded but individual TEL guidelines were ex-
ceeded for arsenic, copper and nickel in vegetated sediment
collected from Little Sabine Bay.

SQG quotient sums (TEL) exceeded one for eight of 13
vegetated sediments and for two of 13 non-vegetated sedi-
ments (Fig. 3). SQG quotient sums based on PEL guidelines
exceeded 1.0 for two of 13 vegetated sediments.

Table 4

Trace metal concentrations (mg/g dry wt.) in sediment collected from seagrass vegetated (V) and adjacent non-vegetated areas (NV)

Trace metal Santa Rosa Sound Little Sabine Bay

Bayou Golf Complex Canal National Seashore Wastewater Outfall Marina

V NV V NV V NV V NV V NV V NV V NV

Arsenic 1.9 0.16 1.0 0.30 0.83 0.38 1.3 0.37 1.5 0.31 0.53 0.16 17.0 <1.5

Cadmium <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.35 <0.2

Chromium 6.2 0.76 5.8 2.3 1.1 0.27 4.8 <0.20 1.4 1.34 2.7 0.21 5.2 <0.20

Copper 2.7 0.25 1.5 0.44 0.82 <.08 1.3 <.08 0.6 <0.08 0.85 <0.08 70.8 0.25

Mercury 0.018 <0.004 0.005 <0.004 <0.004 <0.004 0.007 <0.004 0.005 <0.004 0.016 0.057 0.004 <0.004

Nickel 1.6 <0.12 1.2 0.14 0.51 <0.12 1.9 <0.12 0.3 0.19 0.57 <0.12 17.3 <0.12

Lead 2.3 0.25 1.6 0.70 0.74 0.21 1.8 0.30 1.3 0.35 1.1 0.32 28.5 0.30

Zinc 10.0 2.5 6.5 3.5 4.1 2.3 6.8 2.4 3.0 2.5 5.0 2.2 9.4 2.8

Selenium 0.62 0.53 <0.5 0.87 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.62 <0.5 <0.5 0.64

Silver <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.25 <0.05

Concentrations are for one sample and those in bold exceed sediment quality guidelines proposed for Florida coastal areas (MacDonald et al., 1996). No data (e).
a Threshold (TEL) and probable effect level (PEL) guideline values (mg/g dry wt.).
b Guidelines not available.
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Concentrations of arsenic, copper, lead, nickel and zinc in
vegetated and non-vegetated sediments exceeded predicted
background concentrations after normalization to aluminum
(data not shown). Cadmium was also enriched in vegetated
sediments. Enrichment for the six trace metals, as a percent
of total sediment samples analyzed, ranged from 16 to 37%
(N¼ 14 non-vegetated sediments) and from 5 to 42%
(N¼ 19 vegetated sediments).

3.3. Seagrasses

Concentrations of PAH compounds, PCB congeners and
chlorinated pesticides were below detection in all tissues. In
contrast, the 10 trace metals were detected in 16e89% (roots
and rhizomes) and 26e89% (blades) of total samples analyzed
(Table 5). Mercury, cadmium, nickel, lead, and silver were de-
tected in 50% or more of both tissues. Spatial differences in

trace metal residues for similar tissues and T. testudinum
(Table 6) and H. wrightii (Table 7) were usually one order
of magnitude or less.

Most mean trace metal concentrations, based on combined
results for both species, were not significantly different
between above and below substrate tissues. The exception
was nickel which was statistically greater in blades. Differ-
ences in mean concentrations for the same trace metal between
the two tissue types for the same species were usually two-fold
or less and interspecific differences were usually three-fold or
less for the same trace metal and tissue (Fig. 4). None of these
differences were statistically significant.

3.4. Bioconcentration factors (BCF)

The BCF values based on concentrations of arsenic, chro-
mium, copper, nickel, lead and mercury in vegetated sediment

Choctawhatchee Bay Bonito Bay St. Joseph Bay Ohio Key Little Duck Key Sediment quality guidelines

Marina Bayou

V NV V NV V NV V NV V NV V NV TELa PELa

2.4 <1.5 1.1 <1.5 <1.5 <1.5 1.8 <1.5 <1.5 <1.5 <1.5 5.1 7.2 41.6

<0.2 <0.2 <0 .2 <0.2 <0.2 <0.2 <0.2 <0.2 0.39 <0.2 <0.2 0.21 0.68 4.21

8.1 6.6 4.1 <0.2 2.4 1.6 11.3 0.8 4.4 3.7 6.1 7.4 52.3 160

12.1 12.7 1.3 <0.08 1.5 3.5 8.0 1.1 1.4 1.5 4.8 2.9 18.7 108

e e <0.004 <0.004 e e e e e e e e 0.13 0.7

3.3 3.3 1.2 <0.12 1.6 2.3 4.9 0.6 8.5 10.7 10.2 10.1 15.9 30.2

14.1 10.7 2.8 0.31 3.0 4.6 19.3 2.4 1.1 2.2 10.6 11.1 30.2 112

40.9 26.7 5.9 2.4 7.6 12.3 50.4 4.6 3.2 2.8 7.7 4.5 124 271

<0.5 <0.5 <0.5 0.9 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 NAb

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 NA

Fig. 2. Mean trace metal concentrations (mg/g dry wt.) in sediment collected from seagrass vegetated and adjacent non-vegetated areas. Error bars represent stan-

dard deviations. Percent of samples exceeding the method detection limits (> MDL) also shown. * e Significantly different.
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and seagrass tissues ranged from <1 to 6 (roots and rhizomes)
and from <1 to 11 (blades) for both species (data not shown).
Approximately, 61% of the BCF values were 1 or less. The
greater BCF values were for mercury, copper and arsenic.

BCF values based on trace metal concentrations in surface
water and blades ranged from 28 to 16,667 for both seagrasses.
The BCF values averaged 8772 (zinc), 2356 (nickel), 2143
(lead), 616 (chromium), 491 (cadmium), 363 (silver), 299 (se-
lenium), 218 (copper), 91 (mercury) and 54 (arsenic).

4. Discussion

4.1. Biological relevance

The significance of the chemical concentrations in surface
water, sediment and tissues on seagrass condition is unknown

and its determination was beyond the scope of this baseline
survey. Some insight, although limited, can be provided by
comparison of the results to water quality criteria to protect
marine life, proposed sediment quality guidelines and pub-
lished results for phytotoxicity and tissue quality.

4.1.1. Surface water
Florida water quality criteria were exceeded for copper and

arsenic, and less frequently for mercury, nickel and lead.
These exceedances suggest the possibility of an adverse effect
but uncertainty exists since the criterion values are based pri-
marily on toxicity results for animal species, not those for sea-
grasses and other near-coastal, submergent vegetation.

The reported toxicity database for trace metals and sea-
grasses consists primarily of results determined in aqueous ex-
posures for single metals and a limited number of test species.

Fig. 3. Sum of TEL and PEL quotients for seagrass vegetated and non-vegetated sediments. Quotient sums exceeding 1.0 are considered the equivalent of the

exceedance of at least one single TEL or PEL guideline based on assumption of additive chemical toxicity. See Table 1 for location designations.

Table 5

Trace metal concentrations (mg/g dry wt.) in seagrass tissues

%>MDLa Roots/rhizomes Blades

R B Mean SD Range Mean SD Range

Arsenic 26 26 2.8 0.6 2.0e3.7 5.7 2.4 2.6e8.2

Cadmium 68 74 0.6 0.3 0.24e1.3 0.8 0.7 0.13e1.2

Chromium 63 42 1.0 0.9 0.2e2.9 0.7 1.1 0.13e3.5

Copper 16 37 10.8 3.9 8.3e15.3 9.3 5.1 5.9e20.5

Nickel 63 63 1.1 0.6 0.6e2.7 2.6 0.8 1.2e3.5

Lead 63 63 1.3 1.1 0.25e4.1 1.7 1.4 0.3e4.8

Mercuryb 89 89 10.8 3.7 6e19 17.9 6.9 12e38

Zinc 47 37 16.5 23.8 2.5e64.0 14.7 25.7 3.4e73.0

Selenium 47 47 1.5 0.3 1.0e1.9 1.9 0.4 1.1e2.5

Silver 58 63 0.25 0.15 0.13e0.68 0.5 0.2 0.21e0.63

Values represent mean (�1 standard deviation) for both seagrass species.
a Percent of 19 samples for each tissue exceeding method detection limit (MDL): roots/rhizomes (R), blades (B).
b Percent of 12 samples in ng/g dry wt.
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Table 6

Trace metal concentrations (mg/g dry wt.) in roots/rhizomes (R) and blades (B) of Thalassia testudinum

Trace metals Santa Rosa Sound Little Sabine Bay Bonito Bay St. Joseph

Bay Marina

Little Duck Key

Canal Bayou Golf Complex National Seashore Marina

R B R B R B R B R B R B R B R B R B

Arsenic <2 <2 <2 <2 2.6 8.2 <2 <2 <2 <2 2.0 <2 <2 <2 <2 <2 <2 <2

Cadmium 0.7 0.8 0.6 1.2 1.3 0.6 0.7 0.8 0.9 0.9 0.6 0.9 0.5 0.7 <0.1 0.11 <0.1 <0.1

Chromium 0.5 0.1 0.5 <0.1 0.5 0.2 0.3 <0.1 0.8 0.1 0.2 <0.1 0.4 <0.1 <5 <5 <5 <5

Copper <5 7.1 <5 8.2 <5 5.9 <5 <5 <5 20.5 15.3 <5 <5 <5 <5 <5 <5 <5

Mercury 0.009 0.018 0.007 0.014 0.009 0.014 e e 0.010 0.019 0.006 0.014 0.010 0.020 e e e e

Nickel 0.6 3.5 0.8 2.8 0.7 2.1 0.6 3.1 1.1 3.0 0.6 1.9 0.9 3.4 <1 <1 <1 <1

Lead 0.3 0.3 0.3 0.4 0.9 3.7 0.4 0.7 1.0 1.7 1.9 0.6 1.3 1.1 <1 <1 <1 <1

Zinc <50 <50 <50 <50 <50 <50 <50 <50 52 73 <50 <50 <50 <50 8.4 6.1 3.0 4.8

Selenium 1.3 1.6 1.6 1.7 1.6 2.2 1.0 <1.0 1.2 <1.0 1.3 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Silver 0.2 0.5 0.3 0.6 0.3 0.6 0.2 0.6 0.7 0.5 0.2 0.5 0.2 0.4 <0.1 <0.1 <0.1 <0.1

Values are for one composite sample for each location. No data (e).

Table 7

Trace metal concentrations (mg/g dry wt.) in roots/rhizomes (R) and blades (B) of Halodule wrightii

Trace metal Santa Rosa Sound Choctawhatchee Bay Bonito Bay St. Joseph Bay Ohio Key

Bayou Golf Complex National Seashore Wastewater Outfall Bayou Marina

R B R B R B R B R B R B R B R B R B

Arsenic 2.7 3.8 3.7 6.3 <2 2.6 <2 <2 <2 <2 3.1 7.4 <2 <2 <2 <2 <2 <2

Cadmium 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.3 <0.1 <0.1 0.2 0.3 <0.1 <0.1 <0.1 <0.1 0.12 0.13

Chromium 2.9 0.6 2.4 0.6 2.0 0.2 0.3 3.5 <5 <5 0.6 0.4 <5 <5 <5 <5 <5 <5

Copper 8.3 7.5 8.7 6.7 <5 <5 <5 9.1 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Mercury 0.013 0.012 0.016 0.013 0.012 0.020 0.019 0.038 e e 0.009 0.017 e e e e e e
Nickel 1.3 2.2 1.9 2.8 1.3 1.2 <1 3.5 <1 <1 2.7 1.8 <1 <1 <1 <1 <1 <1

Lead 1.3 1.2 2.2 2.7 1.1 1.3 <1 1.5 <1 <1 4.1 4.8 <1 <1 <1 <1 <1 <1

Zinc <50 <50 <50 <50 <50 <50 <50 <50 2.9 3.5 <50 <50 6.8 6.1 6.0 6.2 2.5 3.4

Selenium 1.6 2.5 1.9 2.3 1.6 1.7 <1.0 1.9 <1.0 <1.0 <1.0 1.4 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Silver 0.18 0.29 <0.1 0.21 0.19 0.65 0.13 0.23 0.14 <0.1 <0.1 0.32 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Values are for one composite sample for each location. No data (e).
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There has been no consistency in experimental design. No tox-
icity data have been reported for chemicals monitored in this
survey and T. testudinum and H. wrightii. However, trace
metal concentrations in surface waters determined in this sur-
vey are less than most laboratory-derived toxic concentrations
reported for corresponding metals and other seagrasses. For
example, toxic concentrations have typically exceeded
100 mg/L for zinc, copper, cadmium and lead and several spe-
cies of Halophila, Halodule, Zostera and Posidonia based on
changes in photosynthetic activity, pigment content, growth
rate and amino acid content (Conroy et al., 1991; Malea
et al., 1995a,b; Ralph and Burchett, 1998; Hamoutene et al.,
1996; Prange and Dennison, 2000; Macinnis-Ng and Ralph,
2002). The maximum concentrations (mg/L) in this survey
were 66.4 (zinc), 61.1 (copper) and 16.7 (lead).

4.1.2. Sediments
Exceedances of individual TEL guidelines occurred for

vegetated sediments collected from three grass beds for total
DDT, DDD, DDE, total chlordane, arsenic, copper and nickel
and for one grass bed based on the PEL guideline for chlor-
dane. The effects of these exceedances on seagrass condition
and survival are not known. As for water quality criteria, the
proposed guideline concentrations are based primarily on ef-
fects data for benthic macroinvertebrates and not on that for
coastal submergent vegetation. Furthermore, toxicities of
chemical-spiked sediments to seagrasses are not available in
the scientific literature for comparison.

4.1.3. Seagrass tissues
The biological impact of the concentrated chemicals is un-

known. Critical tissue burdens for most anthropogenic chemi-
cals are unavailable for T. testudinum and H. wrightii, or any
other species to provide insight. The lack of a tissue residue-

effects database is an important limitation to the interpretation
of the many published reports describing the magnitude of sea-
grass-accumulated chemicals.

4.2. Data comparisons

4.2.1. Surface water
Concentrations of copper, chromium, cadmium, lead, zinc

and mercury have been detected in surface waters over other
seagrass beds (Perez, 1995; Malea and Haritonidis, 1995; Per-
gent-Martini, 1998; Campanella et al., 2001). Concentrations
of copper, chromium, lead and zinc in this survey were often
similar to these previously reported values. For example, cop-
per concentrations between 23 and 74 mg/L have been reported
over grass beds in the Gulf of Antikyra (Malea and Haritoni-
dis, 1995) compared to a range of 13.9e61.1 mg/L for this
study. In contrast, cadmium (<1.0 mg/L) and mercury
(range¼<0.2e0.38 mg/L) in this survey were sometimes
less than concentrations reported in the above studies which
ranged from 0.2 to 1.5 mg/L (cadmium) and from 1.0 to
3.0 mg/L (mercury), respectively.

4.2.2. Sediments
Trace metal concentrations in seagrass vegetated sediments

in this survey were also within the wide range of those reported
for other grass bed sediments. For example, concentrations of
Cd (range¼ 0.1e87), Cu (3e397), chromium (105e678),
nickel (61e889), lead (2e633) and zinc (<10e16,700) have
been reported for various grass bed sediments located in
Australia, Brazil, Greece, Italy and the U.S. (Ward et al.,
1986; Lacerda and Resende, 1986; Cornwell and Stevenson,
1990; Malea and Haritonidis, 1995; Nicolaidou and Nott,
1998; Schlacher-Hoenlinger and Schlacher, 1998).

Fig. 4. Mean trace metal residues (mg/g dry wt.) in above and below substrate tissues of Halodule wrightii and Thalassia testudinum. Error bars represent standard

deviations. * e Significant difference between mean concentrations in tissues for same species.
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Reported concentrations of organic contaminants in grass
bed sediments are uncommon. Haynes et al. (2000) reported
the concentrations of several pesticides in sediments associ-
ated with the Great Barrier Reef. Concentrations in subtidal
sediments (ng/g dry wt.) ranged from <0.1 to 0.3 (atrazine),
<0.05 to 0.37 (dieldrin), <0.05 to 0.05 (DDT), <0.05 to
0.25 (DDE) and <0.1 to 9.8 (diuron). Of these, only DDT
(range¼<MDL to 1.29 ng/g) and DDE (range¼<MDL to
2.55 ng/g) were detected in vegetated sediments in this study.
Chlorinated pesticides and PCBs were below detection in veg-
etated sediments collected from Chesapeake Bay but total
DDT concentrations of 0.08 and 0.09 ng/g dry wt. were ob-
served (Cornwell and Stevenson, 1990). These total DDT con-
centrations were less than those observed in this study
(range¼ 0.1e10.3 ng/g dry wt.).

4.2.3. Seagrass tissues
Trace metal residues in this survey, with few exceptions, are

intermediate to those reported for other seagrasses (Table 8).
Concentrations of selenium and arsenic in this survey were
less than those reported for Posidonia australis (Jervis Bay,
Australia) and T. testudinum (Gulf of Mexico), respectively
(Baldwin et al., 1996; Fourqurean and Cai, 2001). Total mer-
cury concentrations (ng/g dry wt.) were between 12 and 38
(blades) and between 6 and 19 (roots and rhizomes) in this
survey. Mean mercury concentrations (ng/g dry wt.) in leaves
and rhizomes of Posidonia oceanica collected from the Med-
iterranean Sea ranged between 10 and 177 and from 30 to
52, respectively (Pergent-Martini, 1998). Mercury residues
(ng/g dry wt.) in Thalassia collected from Venezuelan coastal
waters were between 8 and 43 (rhizomes) and between 4 and
30 (leaves) (Perez, 1995).

Concentrations of organic contaminants in seagrass tissues
have been below detection in the few reported studies. This
was the case in this study for most of these chemicals and also
for three Australian seagrass species (Haynes et al., 2000).

4.2.4. Tissue and interspecific comparisons
Differential tissue bioaccumulation as observed for nickel

in this survey, has been frequently reported for other sea-
grasses and trace metals. Although not observed during this
survey, cadmium, copper and zinc have been found more con-
centrated in leaves and concentrations of chromium, copper,
iron and lead found greater in rhizomes of several seagrass
species (Lacerda and Resende, 1986; Warnau et al., 1995;
Schlacher-Hoenlinger and Schalcher, 1998; Prange and Denni-
son, 2000).

Interspecific differences in residues for similar tissues in
this survey were less than an order of magnitude. This result
is similar to that reported by Catsiki and Panayotidis (1993)
for copper and nickel residues in leaves, roots and rhizomes
of P. oceanica and Cymodocea nodosa collected from Greek
coastal areas and for five trace metals and five seagrass species
collected from Australian coastal waters (Prange and Denni-
son, 2000).

5. Summary and conclusions

Anthropogenic chemicals concentrated in seagrass tissues
and their rooted sediments varied two orders of magnitude
or less among 13 Florida grass beds and, with few exceptions,
were within the wide range of concentrations reported previ-
ously in the scientific literature for other grass beds. Vegetated
sediments contained greater concentrations of some contami-
nants than non-vegetated sediments, although metal enrich-
ment was common for both types. The biological
significance of the chemical concentrations in surface water,
sediment and seagrass tissues is largely unknown due to the
lack of published information describing their phytotoxicities
and tissue-residue effects. In addition, the relevance of the
sometimes exceedance of current regulatory criteria and
guidelines observed for water and sediment during this survey
is unknown due to the uncertainties associated with their
faunal-dominated supporting databases.

More fate and effects information is available for sea-
grasses characteristic of the North Atlantic, Indo-Pacific and
Australian floras than for the seagrasses common to the Gulf
of Mexico (Lewis and Devereux, submitted for publication).
This limited perspective is surprising since large scale losses
of seagrasses have occurred in the Gulf of Mexico. The cause
of these losses, at least in part, may be the large amount of
point and non-point source contaminants entering near-shore
areas of the Gulf of Mexico, the most of any coastal zone.
Therefore, the determination of media-specific toxicological
data for commonly occurring seagrasses and contaminants in
shoreline areas needs increased attention not only for the
risk assessment process, but also to judge the relevance of cur-
rent water quality criteria and sediment quality guidelines to
protect seagrasses and other benthic vascular plants. These
data should be derived with consideration of the naturally vari-
able habitat conditions of seagrasses (water clarity, salinity,
temperature) and the likely co-occurrence of multiple poten-
tially inhibitory and stimulatory chemicals. Until this informa-
tion is available, the role of non-nutrient anthropogenic
chemicals as a contributing factor, alone or in combination
with other stressors, to the continuing decline in condition,
abundance and distribution of these perennial angiosperms
in most Gulf coastal areas will remain uncertain.

6. Disclaimer

The U.S. Environmental Protection Agency through its Of-
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lication as an EPA document.
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Table 8

Examples of reported trace metal concentrations (mg/g dry wt.) in seagrass tissues

Tissue Species Trace metal Location Reference

Cd Cu Cr Ni Pb Zn

Blades Zostera marina 0.9e2.9 1.9e16.6 e e 0.5e38 41e175 Limfjord (Denmark) Brix et al. (1983)

Posidonia oceanica e 0.4e46 0.05e37 2e61 e e Aegean Sea (Greece) Catsiki and Panayotidis

(1993)Cymodocea nodosa e 0.4e44 0.05e7 3e49 e e

Posidonia oceanica 3e44 3e148 e e 11e123 27e98 Gulf of Antikyra (Greece) Malea et al. (1994)

Posidonia oceanica 2.1e2.4 10e16 1e2 e 6e8 144e179 NW Mediterranean Sea Warnau et al. (1995)

Cymodocea nodosa
� Reference areas 1 10 2 8 e 58 Bay of Laryma (Greece) Nicolaidou and Nott (1998)

� Polluted areas 2 24 5 77 e 147

Zostera capricorni e 8e12 6e31 e e 24e75 Port Curtis (Australia) Prange and Dennison (2000)

Posidonia oceanica 0.6e1.3 6e17 e e 5 e Liscia Bay (Italy) Baroli et al. (2001)

Posidonia oceanica 1e3 6e20 0.3e0.9 e 1e10 105e155 Favignana Island (Italy) Campanella et al. (2001)

Thalassia testudinum <0.1e1.2 <5e20.5 <0 .1e0.2 <1e3.5 0.3e3.7 4.8e7.3 Gulf of Mexico (USA) This study

Halodule wrightii <0 .1e0.5 <5e9.1 0.2e3.5 <1e3.5 <1e4.8 3.4e6.2

Roots and Rhizomes Zostera marina 0.1e1.0 2e19 e e 0.4e30 25e125 Limfjord (Denmark) Brix et al. (1983)

Halodule wrightii e 6e19 e e 11e24 71e110 Sepetiba Bay (Brazil) Lacerda and Resende (1986)

Posidonia oceanica e 0.3e59 0.05e25 2e46 e e Aegean Sea (Greece) Catsiki and Panayotidis

(1993)Cymodocea nodosa e 0.2e75 1e34 1e50 e e
Posidonia oceanica 0.7e1.7 8e22 2e3 e 10e15 95e112 NW Mediterranean Sea Warnau et al. (1995)

Cymodocea nodosa

� Reference areas 2 13 5 5 e 23 Bay of Larymna (Greece) Nicolaidiou and Nott (1998)

� Polluted areas 3 22 11 26 e 62

Zostera capricorni e 2e14 5e30 e e 8e60 Port Curtis (Australia) Prange and Dennison (2000)

Posidonia oceanica 0.8e2.4 5.4e15.3 e e 0.8e2.4 e Liscia Bay (Italy) Baroli et al. (2001)

Posidonia oceanica 0.4e1.0 7e15 0.9e1.4 e 3e17 41e140 Favignana Island (Italy) Campanella et al. (2001)

Thalassia testudinum <0 .1e1.3 <5e15.3 0.2e0.8 0.6e1.1 0.3e1.9 3.0e52 Gulf of Mexico (USA) This study

Halodule wrightii 0.12e0.4 <5e8.7 0.3e2.9 <1e2.7 <1e4.1 2.5e6.8

Values usually represent range of individual values or mean values. For additional perspective, see reviews by Williams et al. (1994), Malea and Haritonidis (1995), Schlacher-Hoenlinger and Schlacher (1998) and

Campanella et al. (2001).
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performed by Midwest Research Institute (Kansas City, MO)
and B&B Laboratories (College Station, TX).
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