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Abstract The St. Thomas East End Reserves or
STEER is located on the southeastern end of the island
of St. Thomas, USVI. The STEER contains extensive
mangroves and seagrass beds, along with coral reefs,
lagoons, and cays. Within the watershed, however, are a
large active landfill, numerous marinas, resorts, various
commercial activities, an EPA Superfund Site, and res-
idential areas, all of which have the potential to contrib-
ute pollutants to the STEER. As part of a project to
develop an integrated assessment for the STEER, 185
chemical contaminants were analyzed in sediments
from 24 sites. Higher levels of chemical contaminants
were found in Mangrove Lagoon and Benner Bay in the
western portion of the study area. The concentrations of
polychlorinated biphenyls (PCBs), dichlorodiphenyltri-
chloroethane (DDT), zinc, copper, lead, and mercury
were above a NOAA Effects Range-Low (ERL) sedi-
ment quality guideline at one or more sites, indicating
impacts may be present in more sensitive species or life
stages. Copper at one site in Benner Bay was above a

NOAAEffects Range-Median (ERM) guideline indicat-
ing effects on benthic organisms were likely. The
antifoulant boat hull ingredient tributyltin (TBT) was
found at the third highest concentration in the history of
NOAA’s National Status and Trends (NS&T) Program,
which monitors the nation’s coastal and estuarine waters
for chemical contaminants and bioeffects. The results
from this project will provide resource managers with
key information needed to make effective decisions
affecting coral reef ecosystem health and gauge the
efficacy of restoration activities.
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Introduction

Located on the southeastern end of the island of St.
Thomas, USVirgin Islands (USVI), the St. Thomas East
End Reserves or STEER (Fig. 1) is a collection of
marine reserves and wildlife sanctuaries (MRWS) con-
taining extensive mangroves and seagrass beds, along
with coral reefs, lagoons, and cays. The STEER com-
prises an area of 9.6 km2, with approximately 34 km of
coastline, and is thought to be one of the most valuable
fisheries nursery areas remaining around St. Thomas
(STEER 2011). The only perennial stream on the island
(Turpentine Gut) flows into Mangrove Lagoon in the
west end of the STEER. In addition, there are numerous
intermittent streams that discharge stormwater into the
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STEER throughout the watershed. Within the watershed
are a large active landfill, numerous marinas and boatyards,
a number of resorts, various commercial/industrial activi-
ties, an EPA Superfund Site, a horse racetrack, and residen-
tial areas served by individual septic systems (IRF 1993),
all of which can contribute a variety of pollutants to the
STEER. Elevated levels of chemical contaminants have
been documented in the STEER watershed (EPA 2011).

The USVI Department of Planning and Natural Re-
sources (DPNR) identified the STEER as a priority area
and noted the extent of chemical contamination and
bioeffects are unknown, but that information is needed
to make better informed decisions on coastal resource
management. Beginning in 2011, NOAA’s National
Centers for Coastal Ocean Science (NCCOS) partnered
with DPNR Divisions of Coastal Zone Management,
Fish and Wildlife, and Environmental Protection, along
with the University of the Virgin Islands and The Nature
Conservancy with funding from NOAA’s Coral Reef
Conservation Program (CRCP) to develop an integrated
(chemical and biological) assessment for the STEER.
This paper details results from the assessment of chem-
ical contaminants in sediments from the STEER.

Materials and methods

A stratified random sampling design was used to char-
acterize the spatial distribution of chemical

contaminants. The STEER was first subdivided into five
strata based on habitat and geography (e.g., hard bottom
areas, seagrass beds, mangroves, etc.) (Fig. 1). Five
sampling points on soft bottom sediments were random-
ly selected using ArcGIS®. Both primary and alternate
sites were identified. Alternate sites were sampled in the
event that a primary site was unsuitable due to hard
bottom, obstructions, etc. Most of the samples were
collected from the charter vessel Bright Star. Sites in
shallower Mangrove Lagoon were collected using a
smaller boat provided by the DPNR Division of Fish
and Wildlife.

Sediment collection

Sediments for chemical contaminant analysis were col-
lected using standard NOAA National Status and
Trends (NS&T) protocols (Apeti et al. 2012a). A
PONAR grab was deployed to collect the samples using
a pulley and davit and retrieved by hand. Rocks and bits
of seagrass were removed. If a particular grab did not
result in 200–300 g of sediment, a second grab was
made and composited with material from the first. If
enough sediment had not been collected after three
deployments of the grab, the site was abandoned and
the boat moved on to an alternate site. A series of
protocols (Apeti et al. 2012a) were used to avoid con-
tamination of the sediment samples by equipment and
cross contamination between samples and sites. All

Fig. 1 Map of sediment sampling sites and strata in the STEER
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equipment was rinsed with acetone and then distilled
water just prior to use at a site. Personnel handling the
samples also wore disposable nitrile gloves. The top
3 cm of sediment was collected from the grab using a
stainless steel sediment scoop.

Sediments were placed into two certified clean
(I-Chem®) 250-mL labeled jars, one for organic chemi-
cal analysis, the other for major and trace element analy-
sis, capped, and then kept on ice in a cooler. Sediments
for grain size analysis were placed in aWhirl-Pack® bag,
sealed, and then kept on ice in a cooler. At the end of
each day, sediment samples for contaminant analysis
were frozen. The Whirl-Pack® bags for the grain size
analysis were placed in a refrigerator rather than frozen,
to avoid altering the grain size structure. Preliminary
work during the project planning phase included the
collection of nonrandomized samples in May 2010; the
sites were selected in consultation with local managers to
specifically sample known or potentially contaminated
sites. Those results are reported herein for context, but
are not included in the statistical comparisons between
strata or in the calculation of mean and median concen-
trations of sediment contaminants in the STEER.

Chemical contaminant analysis

The sediments were analyzed for a suite of 185 organic
and inorganic contaminants (Table 1) by TDI-Brooks
International, using protocols established by the NS&T
Program. The sediment samples were homogenized,
dried, and ground using a mortar and pestle. Approxi-
mately 15 g of dry sediment was extracted with 100 %
dichloromethane using a Dionex Accelerated Solvent
Extractor (ASE200). The extracts were reduced in vol-
ume and then purified using alumina/silica gel column
chromatography. The 59 polycyclic aromatic hydrocar-
bons (PAHs) were analyzed using gas chromatography/
mass spectrometry in the selected ion monitoring mode.
The 37 aliphatic hydrocarbons were analyzed by gas
chromatography/flame ionization detection. The 31 or-
ganochlorine pesticides and 38 polychlorinated biphe-
nyls (PCBs) were analyzed using gas chromatography/
electron capture detection. The four butyltins were ana-
lyzed using gas chromatography/flame photometric de-
tection after derivatization. A subset of the sediment
samples was subsequently reanalyzed using gas
chromatography/mass spectrometry for confirmation
of the TBT concentrations detected from the initial
analysis. Additional information on the analysis of the

sediment samples for organic chemical contaminants
can be found in Kimbrough et al. (2006).

After freeze-drying, the sediment samples for trace
and major elements were dried to a constant weight,
0.2 g of dried sediment was homogenized and weighed,
a 3-mL aliquot of nitric acid was added, and the vials
were placed in a digestion block for a total of approxi-
mately 6 h. After this period, the vials were removed
from the block, and 2 mL of concentrated hydrofluoric
acid was added and returned to the block for approxi-
mately 2 h. After cooling, 15 mL of 4 % boric acid was
added to the vials. The major and trace elements were
analyzed using inductively coupled plasma mass spec-
trometry and atomic-fluorescence spectroscopy. Addi-
tional information on the analysis of the sediment sam-
ples for trace and major elements can be found in
Kimbrough and Lauenstein (2006).

Statistical analysis

The sediment contaminant data from the stratified ran-
dom sampling were analyzed using JMP® statistical
software. A Shapiro-Wilk test was first run on individual
parameters to see if the data were normally distributed.
When data were normally distributed, an analysis of
variance (ANOVA) was run followed by pairwise
(Tukey’s HSD) comparisons. If the data were not nor-
mally distributed and a log10 transformation was not
effective, Spearman’s nonparametric multivariate corre-
lation was used. Some of the data were also subsequently
ranked, followed by a Kruskal-Wallis test and pairwise
comparisons. Statistical comparisons between strata used
data generated from the stratified random sampling. In
this paper, when statistical comparisons are made be-
tween strata, the stratum number along with the stratum
name are used.

NOAA sediment quality guidelines

To put the results of the analysis into context, data from
the STEER were compared to data from the NS&T data-
base and also with NOAA numerical sediment quality
guidelines (SQG). These guidelines developed by Long
and Morgan (1990) and Long et al. (1995) are the effects
range-median (ERM), and effects range-low (ERL),
which express statistically derived levels of sediment con-
tamination, above which toxic effects would be expected
with at least a 50 % frequency (ERM) and below which
effects were rarely (<10 %) expected (ERL).
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Results and discussion

A total of 24 samples were collected (Fig. 1) under
DPNR Permit STX-032-11 in June 2011. The average
water depth at the sites sampled was 7.2 m; the
shallowest was 0.6 m at site 1-5P in Mangrove Lagoon.
The average surface salinity was 33.2‰; the average
bottom salinity was 33.7‰, indicating fairly well mixed
waters. The average percent total organic carbon (TOC)
in the sediments was 2.49 % and ranged from a low of
0.44 % to a high of 5.44 %. The average percent fines
content (sum of percent silt and percent clay) in the
STEER sediments was 22.2±4.03 % (mean±standard
error). Areas in Mangrove Lagoon and to a certain
extent in Benner Bay tended to have a higher proportion
of percent fines in the sediments. However, the major
sediment grain size class throughout the STEER was
sand (68±4.35 %).

Organic contaminants

Total PAHs

Total PAHs refers to the sum of the 59 PAH compounds
and compound classes (e.g., anthracene, C1-
napthalenes) analyzed in the STEER sediments
(Table 1). The mean total PAH concentration was 145
±59 ng/g; the median was 6.02 ng/g (Table 2). The
highest total PAH concentration was at site 1-3P
(1,131 ng/g) in Mangrove Lagoon. From 2010, the
concentration of total PAHs atML-10, also inMangrove
Lagoon, was 951 ng/g. None of the sites sampled in the
STEER approached the NOAA ERL (Table 2). A
Kruskal-Wallis test run on the ranked data from the
stratified random samples indicated a significant differ-
ence in total PAHs by stratum (p=0.0210); a Tukey’s
HSD (highly significant difference) analysis indicated
that Mangrove Lagoon (stratum 1) and St. James Bay
(stratum 4) were significantly different from each other.
Mean total PAH concentration in Mangrove Lagoon
(stratum 1) was 437±216 ng/g (Table 3). As will be
seen, the pattern of higher concentrations of chemical
contaminants in the Mangrove Lagoon and Benner Bay
areas, particularly northern Benner Bay, was repeated
for a number of other contaminant classes. Land use in
the area around Mangrove Lagoon includes an active
landfill and residential areas, which likely contribute
contaminants to the lagoon. In northern Benner Bay,
the presence of marinas and boatyards, with associatedT
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activities such as repairing and repainting boats, use of
fuels and lubricants, etc. are likely sources of at least
some of the contaminants found in the sediments in this
area. In addition, a highway that winds its way along
northern Benner Bay is also a likely source of both
organic and inorganic contaminants to the STEER.

In Vieques, Puerto Rico, the mean concentration of
total PAHs was 52.3±8.7 ng/g, somewhat below total
PAHs found in the STEER sediments (Pait et al. 2010).
In southwest Puerto Rico, Pait et al. (2008) reported a
mean total PAH concentration in the sediments of 80.6±
25.5 ng/g, also lower than the mean found in the
STEER.

The ratios of phenanthrene-to-anthracene (P/A) and
fluoranthene-to-pyrene (F/P) have been used as
screening tools to assess the relative contributions of
pyrogenic (combustion-related) versus petrogenic
(uncombusted) sources of PAHs (Budzinski et al.
1997). Higher levels of uncombusted PAHs would be
more indicative of the presence of spilled fuels, such as
gasoline or oil. P/A ratios less than 10 are more indica-
tive of pyrogenic sources; F/P ratios greater than one (1)
are also thought to be associatedwith pyrogenic sources.
Most of the sites in the STEER had P/A ratios of less

than 10. While the F/P ratio was close to or above one
(1) at most sites indicating pyrogenic sources for the
PAHs, three sites in Mangrove Lagoon including 1-2P
(0.83), 1-3P (0.70) and 1-5P (0.95) and, in northern
Benner Bay, 2-16P (0.80) and 2-20P (0.91) had ratios
indicating possible petrogenic contributions to the over-
all mix of PAHs in the samples. Yunker et al. (2002) and
Oros and Ross (2004) have also looked at PAH isomer
ratios. The benz-a-anthracene/benz-a-anthracene+
chrysene ratio can be used to provide additional infor-
mation on possible sources of sediment PAHs. Using
this approach, three sediment samples from the STEER
(1-2P, 1-5P, and 2-19P) had ratios indicating a mix of
both petroleum and combustion sources, similar to what
was found using the F/P ratio. The ratios for a number of
samples from Mangrove Lagoon and northern Benner
Bay indicate likely contributions from the combustion
of fossil fuels as well as from uncombusted fuels.

Total extractable hydrocarbons

The concentrations of total extractable hydrocarbons
(TEH) were approximately an order of magnitude
higher than total PAHs. The mean TEH concentration

Table 2 Means and medians of chemical contaminants in sediments from the STEER

Minimum Maximuma Mean±SE Median ERL ERM No. samples>
ERL

No. samples>
ERM

Organics (ng/g)

Total PAHs 0.93 1,131 145±59 6.02 4,022 44,792 0 0

Total extractable hydrocarbons (μg/g) 1.41 1,104 167±61 23.5 – – – –

Total PCBs 0 65.9 1.00±0.32 0.37 22.7 180 1 0

Total DDT 0 3.61 0.05±0.03 0 1.58 46.1 1 0

Total endosulfan 0 0.63 0.01±0.01 0 – – – –

Chlorpyrifos 0 1.33 0.03±0.02 0 – – – –

Tributyltin (TBT) (ng Sn/g) 0 248 1.85±1.30 0 – – – –

Trace and major elements (μg/g)

Cadmium (Cd) 0 0.37 0.03±0.02 0 1.2 9.6 0 0

Chromium (Cr) 4.91 40.4 14.1±1.76 11.4 81 370 0 0

Copper (Cu) 1.30 1,010 21.0±7.46 3.75 34 270 10 1

Lead (Pb) 0.37 81.2 5.87±1.90 0.82 46.7 218 1 0

Mercury (Hg) 0 0.34 0.02±0.01 0.01 0.15 0.71 1 0

Nickel (Ni) 4.29 15.1 6.53±0.57 5.08 20.9 51.6 0 0

Zinc (Zn) 0 392 37.3±10.7 11.1 150 410 5 0

ERL effects range-low, ERM effects range-median, – not available
aMaximum values also include results from the targeted 2010 sampling.Mean andmedian values were calculated using data generated from
the 2011 stratified random samples and did not include data from the 2010 targeted sampling
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in the STEER was 167 μg/g, with the maximum
(1,104 μg/g) in Mangrove Lagoon at 1-3P. An ANOVA
run on the log10 transformed data indicated that TEH
varied by stratum (p=0.0018), and a Tukey-Kramer
HSD test indicated that Mangrove Lagoon (stratum 1)
was significantly different (higher) than Jersey Bay
(stratum 3), St. James Bay (stratum 4), and Great Bay
(stratum 5). Not surprisingly, a nonparametric correla-
tion run between TEH and total PAHs indicated a very
significant positive correlation (Spearman rho=0.6478,
p=0.0006).

Polychlorinated biphenyls

Total PCBs as defined in this paper is the sum of the 38
congeners analyzed (Table 1). The mean concentration
of total PCBs was 1.00±0.32 ng/g; the median was
0.37 ng/g (Table 2). As with the PAHs, there was a
pattern of somewhat elevated levels of total PCBs in
Mangrove Lagoon and in northern Benner Bay. The
highest concentration of total PCBs from the stratified
random sampling was 7.2 ng/g (2-20P); from the
targeted 2010 sampling, the highest concentration was
65.9 ng/g at BB-2. The concentration of total PCBs at
site BB-2 (65.9 ng/g) from the targeted sampling was
higher than the PCB ERL (22.7 ng/g), but below the

ERM (180 ng/g) (Table 2). An ANOVA, run on the
log10 normalized values, however, indicated no signif-
icant variation (p=0.0573) in total PCBs concentration
across the five strata.

The mean total PCBs concentration found in the
sediments in Jobos Bay, Puerto Rico, was 2.09±
0.50 ng/g (Pait et al. 2012). In Vieques, that value was
2.86±0.14 ng/g, both higher than what was found in the
STEER. In southwest Puerto Rico, the mean total PCBs
concentration in sediments was 74.7±47.9 ng/g, due in
part to two very high PCB concentrations within
Guanica Bay (Pait et al. 2008). If the two sites in
Guanica Bay are excluded, the mean for total PCBs in
the southwest Puerto Rico study area was 12.1±2.26 ng/g
(Pait et al. 2008).

Total DDT

Total dichlorodiphenyltrichloroethane (DDT) as defined
here is the sum of the parent isomers (4,4′-DDTand 2,4′-
DDT), along with degradation products DDE, DDD,
and DDMU. The mean concentration of total DDT in
the sediments was 0.05±0.03 ng/g. As with a number of
the other chemical contaminants, higher concentrations
of total DDT were found in the Benner Bay and Man-
grove Lagoon areas. The highest total DDT

Table 3 Mean chemical contaminant concentrations by stratum in the STEER

Stratum

Organics (ng/g) Mangrove Lagoon (1) Benner Bay (2) Jersey Bay (3) St. James Bay (4) Great Bay (5)

Total PAHs 437±216 142±81 133±121 2.1±0.65 8.45±3.38

TEH (μg/g) 624±175 160±83 21.5±6.2 13.1±6.0 14.2±3.6

Total PCBs 1.77±0.50 2.61±1.62 0.26±0.12 0.30±0.06 0.38±0.05

Total DDT 0.05±0.02 0.18±0.14 0.02±0.02 0.01±0.01 0.00

TBT (ng Sn/g) 1.05±0.60 9.63±7.28 0.12±0.12 0.00 0.03±0.03

Trace and major elements (μg/g)

Cadmium (Cd) 0.1±0.06 0.05±0.05 0.00 0.00 0.00

Chromium (Cr) 26.7±4.4 13.3±2.9 10.1±0.8 11.3±2.7 9.15±1.02

Copper (Cu) 48.4±12.3 55.2±34.5 3.58±1.17 1.76±0.15 2.92±0.56

Lead (Pb) 18.7±5.1 8.81±4.39 1.18±0.35 0.50±0.05 0.74±0.06

Mercury (Hg) 0.061±0.018 0.035±0.019 0.002±0.001 0.001±0.000 0.001±0.000

Nickel (Ni) 10.5±1.7 6.41±0.77 5.18±0.32 5.40±0.65 5.16±0.22

Zinc (Zn) 109±27 57.0±25.3 7.61±2.80 9.81±1.00 6.95±1.12

Means calculated using the stratified random samples

PAHs polycyclic aromatic hydrocarbons, TEH total extractable hydrocarbons, PCBs polychlorinated biphenyls, DDT dichlorodiphenyltri-
chloroethane, TBT tributyltin

Environ Monit Assess (2014) 186:4793–4806 4799



concentration from the stratified random samples col-
lected in 2011 was 0.609 ng/g at 2-20P. The highest
concentration from the 2010 targeted sampling was
3.61 ng/g at BB-2 (Table 2). In addition, the degradation
products DDD and DDE appeared to make up much of
the total DDT present, indicating that the parent com-
pound had degraded over time. The concentration of
total DDT at BB-2 (3.61 ng/g) from the 2010 targeted
sampling was also above the ERL (1.58 ng/g); however,
none of the sites sampled had a concentration ap-
proaching the DDT ERM of 46.1 ng/g (Table 2). An
ANOVA run on log10 normalized data indicated no
significant variation (p=0.2575) in total DDT across
the five strata.

In southwest Puerto Rico, Pait et al. (2008) detected a
mean total DDT concentration of 2.10±1.26 ng/g,
higher than in the STEER. In Vieques, the mean con-
centration of total DDT in the sediments was substan-
tially higher, 23.6±16.5 ng/g, due in part to elevated
concentrations at four sites (Pait et al. 2010).

Tributyltin

Mono-, di-, tri-, and tetrabutyltin were analyzed in the
sediments sampled in the STEER. Tetrabutyltin is an
intermediate in the manufacture of tributyltin (TBT)
compounds. TBT has had extensive use in the past as
an antifoulant on boat hulls and was banned in the USA
beginning in 1989. The results of the analysis of TBT
are highlighted in Fig. 2. The higher concentrations of
TBT and its degradation products, as with a number of
the other contaminants analyzed, were found in northern
Benner Bay andMangrove Lagoon. Butyltins, however,
were not detected in half of the sediment samples col-
lected in the STEER, primarily from the eastern and
more offshore sites (Fig. 2).

The highest concentration of TBT detected in
STEER sediments using the stratified random sampling
was at site 2-20P in Benner Bay with a concentration of
31 ng Sn/g (note, 1 ng TBT/g dry wt=2.444 ng Sn/g).
From the samples collected in 2010, BB-1 and BB-2
were even higher. The concentration of TBT at BB-1
was 77 ng Sn/g; the TBT concentration at BB-2 was
quite high, 248 ng Sn/g. A summary of the relative
amounts of TBT versus monobutyltin and dibutyltin
from the stratified random samples collected in the
STEER can be seen in Fig. 3. TBT accounted for be-
tween 17 and 55 % of the butyltin present in northern
Benner Bay. It can also be seen that Benner Bay

accounted for higher butyltin concentrations and that
TBT, dibutyltin, and monobutyltin had similar concen-
trations, which may indicate more recent deposition of
TBT and/or slow degradation of TBT in this
environment.

ERL/ERM guidelines have not been developed for
TBT. An ANOVA run on the log10 transformed data
from the stratified random samples did not indicate any
significant differences (p=0.4368) in the concentration
of TBT between strata. Pait et al. (2008) detected a mean
TBT concentration of 0.01±0.01 ng Sn/g in southwest
Puerto Rico. In Vieques, Puerto Rico, the mean concen-
tration of TBT was 0.05±0.02 ng Sn/g, and in Jobos
Bay, the mean concentration was 0.56±0.28 ng Sn/g.
The NS&T median concentration of TBT in sediments
is 0.16 ng Sn/g.

The concentration detected at BB-2 (248 ng Sn/g)
from the 2010 sampling, represents the third highest
TBT detection in the history of NOAA’s NS&T Pro-
gram. The only two higher TBT concentrations were
from the Elizabeth River in the southern Chesapeake
Bay area and Elliot Bay in Puget Sound (both EPA
Superfund sites). The elevated levels of TBT suggest
the need for additional work to quantify the distribution
of this contaminant in the sediments along with effects
(toxicity), including possible endocrine disruption in
resident mollusks. Strand et al. (2009) found elevated
levels of TBT and its degradation products in several
gastropod species in the USVI, as well as imposex at
several locations, including Charlotte Amalie Bay in St.
Thomas.

Trace elements

Cadmium

Concentrations of cadmium in sediment samples from
the STEER were fairly low; cadmium was not detected
in 21 of the 24 sediment samples collected in the STEER
in 2011. The mean concentration of cadmium in the
sediments from the stratified random sampling was
0.028±0.016 μg/g; however, the median was zero. The
highest concentration from the stratified random sam-
pling was at 1-3P in Mangrove Lagoon (0.264 μg/g).
From the 2010 targeted sampling, the highest concentra-
tion detected was at ML-2, with a concentration of
0.371 μg/g. All cadmium concentrations were below
the NOAA ERL. Because of the low number of
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detections of cadmium in the STEER, no analysis by
stratum was carried out.

Chromium

Somewhat elevated concentrations of chromium were
also detected inMangrove Lagoon and Benner Bay. The
mean concentration of chromium in the STEER from
the stratified random sampling was 14.1±1.76 μg/g; the
median was 11.4 μg/g. The highest concentration of
chromium in the sediments from the stratified random
sampling was 35.7 μg/g at site 1-1P, also in Mangrove
Lagoon. The three highest levels of chromium from the
stratified random sampling were all from Mangrove
Lagoon. From the 2010 samples, the highest chromium
concentration was 40.4 μg/g at BB-2, similar to the
concentration of chromium in Mangrove Lagoon. The
concentration of chromium was below the NOAA ERL.
An ANOVA carried out on the log10 transformed data

indicated that chromium varied significantly (p=
0.0090) by stratum, and a subsequent pairwise compar-
ison (Tukey’s HSD) indicated that chromium in Man-
grove Lagoon (stratum 1) was significantly different
(higher) than Jersey Bay (stratum 3), St. James Bay
(stratum 4), and Great Bay (stratum 5). This can also
be seen in Table 3.

In southwest Puerto Rico, Pait et al. (2008) calculated
a mean chromium concentration of 31.2 μg/g, higher
than in the STEER. In Vieques, mean chromium levels
in the sediment were also somewhat higher, 22.5 μg/g
(Pait et al. 2010).

Copper

The results of the analysis of copper are highlighted in
Fig. 4. The mean concentration in the sediments was 21
±7.46 μg/g; the median was 3.75 μg/g. The highest
copper concentration from the stratified random

31 ng Sn/g (20P, 2011)

248 ng Sn/g (BB-2, 2010)

77 ng Sn/g (BB-1, 2010)
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sampling was 155 μg/g at site 2-20P, followed by
69.9 μg/g at site 1-1P in Mangrove Lagoon. From the
targeted sampling in 2010, the lowest concentration was
60.6 μg/g at ML-10. At BB-1, the concentration of
copper in the sediment was 145 μg/g. At BB-2, the
copper concentration was quite high, 1,010 μg/g. The
ERL for copper is 34 μg/g; the ERM is 270 μg/g. From
the stratified random sites, six sites (2-20P, 1-1P, 1-3P, 1-
2P, 2-16P, 1-5P) exceeded the ERL, but none exceeded
the ERM for copper. All four of the 2010 targeted sites
(i.e., BB-1, BB-2, ML-2, and ML-10) were above the
NOAA ERL for copper. At site BB-2 (1,010 μg/g), the
level of copper substantially exceeded the copper ERM
of 270 μg/g, indicating that effects on benthic organisms
are likely in this area. The copper concentration at BB-2
is also one of the 10 highest concentrations of copper in
sediments detected by NOAA’s NS&T Program. A
Kruskal-Wallis test run on the ranked values from the
stratified random sampling indicated a significant dif-
ference (p=0.0001) across the strata. A Tukey-Kramer
HSD analysis revealed that Mangrove Lagoon (stratum
1) and Benner Bay (stratum 2) had significantly higher
copper levels than the other three strata.

Marinas and boatyards are a major land use adjacent
to the northern portion of Benner Bay. Copper has been
used for years in antifoulant paint systems on boat hulls.
Activities such as the mooring of vessels with hulls
painted with copper-containing paints, along with the

cleaning, scraping, and repainting of boat hulls, and
subsequent runoff containing paint chips and dust, as
might occur during a rainstorm, could lead to elevated
concentrations of this metal in the STEER. The elevated
levels of TBT in the sediments in this same area, and
lower levels of TBT in Mangrove Lagoon, support the
possibility that the copper found in the sediments in the
northern part of Benner Bay are related to the use of both
copper and TBT in boat-related activities. A nonpara-
metric correlation analysis between copper and TBT in
the STEER also showed a significant positive correla-
tion (Spearman rho=0.7078, p=0.0001). For copper,
inputs into Mangrove Lagoon from Turpentine Gut,
runoff from residential areas, and inputs from the adja-
cent Bovoni Landfill could also be contributing sources.

Lead

The mean lead concentration was 5.87±1.90 μg/g; the
median was 0.82 μg/g (Table 2). The highest concen-
tration of lead in the sediments from the stratified ran-
dom sampling was 31 μg/g at 1-2P in Mangrove La-
goon. The highest concentration from the 2010 targeted
sampling was 81.2 μg/g at BB-2 in Benner Bay. The
ERL for lead is 46.7 μg/g; the ERM is 218 μg/g. None
of the 2011 stratified random sites had a concentration
above the ERL. However, BB-2 (81.2 μg/g) from the
2010 targeted sampling had a lead concentration above

0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5

Tributyltin

Dibutyltin

Monobutyltin

Stratum

C
on

ce
nt

ra
tio

n 
(n

g 
Sn

/ d
ry

 g
)

Fig. 3 Mean butyltins in STEER sediments by stratum

4802 Environ Monit Assess (2014) 186:4793–4806



the ERL, but still well below the ERM of 218 μg/g. A
Kruskal-Wallis test showed a significant (p<0.0001)
difference in the concentration of lead across the
STEER, and a Tukey’s HSD test indicated that Man-
grove Lagoon (stratum 1) was significantly higher than
lead in Jersey Bay (stratum 3), St. James Bay (stratum
4), and Great Bay (stratum 5), similar to a number of the
other contaminants assessed in this study. Table 3 also
shows the mean lead concentrations by stratum.

In southwest Puerto Rico, Pait et al. (2008) detected a
mean lead concentration of 1.93 μg/g, less than the
mean found in the STEER. In Vieques, the mean lead
concentration was 5.42 μg/g, close to that in the
STEER. In Jobos Bay, the mean concentration of lead
in the sediments sampled was 7 μg/g (Apeti et al.
2012b), also similar to the STEER.

Mercury

The mean concentration of mercury from the stratified
random sampling was 0.019±0.01 μg/g; the median
was 0.01 μg/g. The highest concentration of mercury
from the stratified random sampling was in Mangrove
Lagoon at site 1-1P (0.109 μg/g). From the 2010
targeted sampling, the highest concentration was at
BB-2 (0.34 μg/g) in northern Benner Bay. As with a
number of the other contaminants, higher concentrations
of mercury were found in northern Benner Bay and
Mangrove Lagoon. There was one exceedence of the
ERL (0.150 μg/g) for mercury at BB-2 (0.34 μg/g) in
northern Benner Bay, with a concentration twice as high
as the ERL, but below the ERM (0.71 μg/g). A Kruskal-
Wallis test run on the ranked mercury values indicated a

Fig. 4 Copper detected in STEER sediments
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significant difference (p<.0001) between strata, and a
Tukey’s HSD test indicated that mercury in Mangrove
Lagoon (stratum 1) and Benner Bay (stratum 2) was
higher than in Jersey Bay (stratum 3), St. James Bay
(stratum 4), and Great Bay (stratum 5).

The mean sediment concentration of mercury found
in southwest Puerto Rico was 0.004 μg/g (Pait et al.
2008). In Vieques, Pait et al. (2010) found a mean
mercury concentration of 0.019 μg/g, the same as in
the STEER. Apeti et al. (2012b) detected a mean con-
centration of 0.042 μg/g mercury in sediments from
Jobos Bay, higher than was found in the STEER.

Zinc

The mean zinc concentration from the stratified random
sampling was 37.3±10.7 μg/g; the median was 11.1 μg/g
(Table 2). The highest concentration of zinc from these
collections was at site 1-2P, with 159 μg/g. From the
2010 targeted sampling, the highest zinc concentration
was 392 μg/g in Benner Bay (BB-2), followed by
192 μg/g in BB-1, also in Benner Bay. In Jobos Bay,
Apeti et al. (2012b) found a mean zinc concentration of
54.7 μg/g, somewhat higher than in the STEER. There
were two sites (1-2P and 1-3P) from the stratified random
sampling that exceeded the ERL (0.150 μg/g). From the
2010 targeted sampling, three of the four sites (BB-2, BB-
1, and ML-2) analyzed exceeded the ERL. None of the
sites exceeded the ERM; however, BB-2 (392 μg/g) from
the 2010 targeted sampling was fairly close to the zinc
ERM of 410 μg/g. In the marine boating industry, zinc
anodes are used to protect vital engine and boat parts
(e.g., propellers, struts, rudders, outboard and inboard
engines) and are a component in some antifoulant paint
formulations. Zinc is also used in batteries and in alloys
such as brass. The elevated levels of zinc in the sediments
in northern Benner Bay could be indicative of boat-
related use. A Kruskal-Wallis test indicated zinc varied
significantly (p=0.0006) by stratum, and the Tukey-
Kramer HSD test indicated that Mangrove Lagoon
(stratum 1) and Benner Bay (stratum 2) were significantly
different (higher) than Great Bay (stratum 5). This can
also be seen in Table 3.

In southwest Puerto Rico, Pait et al. (2008) detected a
mean zinc concentration of 8 μg/g, below the mean
found in the STEER. In Vieques, Pait et al. (2010)
calculated a mean zinc concentration of 34.4 μg/g,
similar to what was found in the STEER.

Normalization of trace elements

Concentrations of trace metals were normalized to alu-
minum to assess locations where unusually high con-
centrations of trace metals may indicate anthropogenic
inputs, above that expected as background. From this
analysis, copper, zinc, and mercury were found at a few
selected sites at concentrations above that which would
be predicted based upon background aluminum levels.
All of these sites were in either Mangrove Lagoon or
Benner Bay. It should also be noted that the concentra-
tions of aluminum and iron were considerably higher in
Mangrove Lagoon and Benner Bay than in the other
strata, likely indicating that terrestrial sources of sedi-
ment are more dominant there than in the rest of the
STEER.

Correlations between contaminants

A series of nonparametric correlations (Spearman’s)
were run between the various contaminants and classes
and the sediment parameters. Organic contaminants in-
cluding total PAHs, total PCBs, TEH, TBT, and total
butyltins were correlated (p≤0.05) with one another. A
number of the sediment samples from Mangrove La-
goon and northern Benner Bay had elevated concentra-
tions of contaminants, indicating land uses in these areas
are most likely associated with the input of these con-
taminants. In addition, the lower flushing of waters in
and out of this part of the STEER, along with the smaller
sediment grain sizes (i.e., silts and clays) that can trap
contaminants, likely contributed to the elevated levels in
these areas as well. The trace and major elements were
significantly correlated with each other, indicating both
anthropogenic and natural inputs.

Summary and conclusions

The degradation of coral reef ecosystems worldwide has
led to intensive efforts to understand and mitigate the
stressors responsible for their decline. The role of pol-
lution is often cited as a major factor, but the degree to
which pollution, and more specifically, chemical con-
taminants, impacts coral reef and associated habitats is
largely unknown. Because of this, coral reef managers
may be missing an important and, in some locations,
critical piece of information to effectively manage and,
where needed, initiate restoration efforts.
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Elevated levels of chemical contaminants were pri-
marily found in Mangrove Lagoon and in northern
Benner Bay. There is a large active landfill adjacent to
Mangrove Lagoon that likely contributes a variety of
contaminants through runoff, groundwater seeps, and
perhaps from atmospheric deposition (e.g., from
tire/trash fires). Mangrove Lagoon also receives input
from various commercial/industrial sources, as well as
from adjacent residential/urbanized areas in the water-
shed via Turpentine Gut. Land use around northern
Benner Bay appears dominated by marina/boatyard ac-
tivities, which is also a likely a source of chemical
contaminants to the STEER.

Tributyltin was found at high concentrations in sed-
iments from three sites in the northern Benner Bay area
(two from the targeted 2010 sampling). The level of
TBT detected at one site in Benner Bay was the third
highest quantified by NOAA’s NS&T Program. The
presence of high concentrations of TBT likely repre-
sents the results of past application of TBT, mooring of
vessels that contain TBT, along with the cleaning and
scraping of hulls that may have had TBT applied at
some point. There are, however, no established guide-
lines for TBT in sediment.

Copper and zinc were elevated at several locations in
Benner Bay and Mangrove Lagoon. Copper was above
the NOAA ERM at one site from the 2010 targeted
sampling, indicating that impacts to benthic organisms
and within the broader food web are likely. This would
also appear to be associated with marina activities, in-
cluding the mooring of vessels, along with the cleaning
and scraping of the hulls and subsequent transport of
these materials into northern Benner Bay. The locations
where the three highest copper concentrations were
found were also the locations of the three highest TBT
concentrations. Elevated copper concentrations in Man-
grove Lagoon may also indicate inputs from surround-
ing land areas, a degree of transport fromBenner Bay, or
a combination of these and other processes. A number
of other chemical contaminants analyzed for this pro-
ject, including zinc, lead, copper, mercury, total PCBs,
and total DDT, were above ERLs at one or more sites in
the STEER, indicating that impacts may be occurring in
some of the more sensitive species or life stages that
may be present.

Anthropogenic stressors, concentrated in Benner Bay
and Mangrove Lagoon, are most likely impacting the
ecology of the STEER, including the health of juvenile
and adult species, and perhaps the spawning of fish and

invertebrates. The information generated from this pro-
ject is being used to highlight challenges to resource
managers to protect and, where needed, restore this
ecologically and economically important area.
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