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ABSTRACT: Over the past 30 years, endosulfan, one of the last polychlorinated pesticides still in use, has received considerable
attention and has been the subject of a number of international regulations and restriction action plans worldwide. This study
aimed to monitor the presence and to assess the potential transport of endosulfan within the protected areas of Everglades
National Park, Biscayne National Park, and Big Cypress National Preserve, South Florida, USA. Endosulfan sulfate was the major
metabolite detected in all matrices in areas along the C-111 and C-111E canals, which drain the Homestead agricultural area and
discharge to either Florida or Biscayne Bays, both of which are critical wildlife habitats. Endosulfan concentrations of up to 158
ng L−1 and 57 ng g−1 were observed in surface water and sediments, respectively, which exceeded the U.S. EPA’s chronic water
quality criteria (56 ng L−1). Elevated levels of up to 371 ng g−1 of endosulfan sulfate were detected in whole fish tissue.
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■ INTRODUCTION

Endosulfan is one of the last remaining organochlorine
insecticides used in the United States. Since its introduction
in the 1950s, it has been widely used on a variety of crops
(including citrus, small fruits, forage crops, grains, and
vegetables) and, in some cases, to preserve wood.1 Technical
endosulfan is a mixture of two stereoisomers, endosulfan I (α-
endosulfan) and endosulfan II (β-endosulfan), in a 7:3 ratio.2

Although being phased out in more than 50 countries,
including the European Union and several Asian and Western
nations, endosulfan is still being used in tropical and subtropical
regions.3 In South Florida, formulations containing technical
endosulfan are still applied to control target insects on crops
(e.g., tomato, squash) with all uses being phased out by July 31,
2016.4 Annual usage in South Florida during the 2007−2009
survey was reported to be around 77700 kg of active ingredient
endosulfan.5 More than 76% of the endosulfan used in the
southeastern United States had been reported to be released
into Florida Bay’s watershed.6

Endosulfan is one of the most ubiquitous contemporary
organochlorine insecticides. It has been detected in surface
water, groundwater, sediments,7−9 atmosphere,10−12 and biota
throughout the world,13,14 including the Arctic regions,
evidencing the long-range atmospheric transport potential of
these compounds.11,15,16 Through oxidation in freshwater and
saltwater, including sediments, several metabolites of endo-
sulfan, that is, sulfate, diol, ether, hydroxy ether, and lactone,
have been detected;17,18 however, endosulfan sulfate (ES) is the
major metabolite detected in aquatic systems19 and in biological

tissues.19−21 ES has been shown to be as toxic as the parent α-
and β-isomers22,23 and generally more persistent in soil and
sediments with estimated half-lives ranging from months to
years.7

The South Florida ecosystem is a heterogeneous system of
wetlands, uplands, and coastal and marine areas, which
encompasses 16 counties and includes two national parks
(Everglades and Biscayne) and Big Cypress National Preserve24

and has been subject to considerable environmental change
during the past 100 years due to increased human population
and activities.
Significant declines in the ecosystem health of the Biscayne

and Florida Bays have been reported in the past two decades
with the die-off of seagrass beds; declines in sponge, coral, and
shellfish populations; and development of noxious algal
blooms.25,26 Wildlife populations within the Everglades water-
shed, especially those of wading birds, have also declined (75−
95%) since the construction of flood control structures in the
1950s, compartmentalization of the Everglades into water
conservation areas in the 1960s, and the change of the rainfall
driven sheetflow to an efficient stormwater canal delivery
system.27

Currently, there is a major effort to restore the south Florida
ecosystem by increasing the flow of freshwater to the
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Everglades and to Florida and Biscayne Bays. However,
increasing water flows in the Everglades may also increase the
load of contaminants, particularly pesticides, to the south-
eastern coasts.
The issue of environmental impacts and water management

has been addressed by the South Florida Water Management
District (SFWMD) and the Corps of Engineers in a series of
remedial actions since the 1980s and, most recently, with the
Comprehensive Everglades Restoration Plan (CERP) that
seeks to address both hydrology and water quality issues.28

Pesticides in the surface waters and sediments of south
Florida have been investigated by several agencies. Since 1984,
α- and β-endosulfan isomers and endosulfan sulfate have been
detected in surface water (fresh- and saltwater) and sediment in
monitoring studies conducted by the SFWMD,29−33 National
Oceanic and Atmospheric Administration (NOAA),6,34,35 U.S.
Environmental Protection Agency (U.S. EPA),36 and U.S.
Department of Agriculture.37 Although the use of endosulfan
may appear to have decreased since the late 1990s, U.S. EPA
water quality criteria (WQC) for freshwater (56 ng L−1) and
marine (8 ng L−1) aquatic wildlife38 have been exceeded for
endosulfan at several sampling sites. Previous studies in the area
around the canals have shown that exposure to the insecticide
endosulfan might cause chronic toxic effects in copepods,
clams, and oysters.6 A recent aquatic probabilistic risk
assessment for endosulfan in surface waters from 1999 to
2000 in South Florida indicated potential acute risks to fish and
arthropods in fresh- and saltwaters39 and, based on exceedences
of sediment quality standards40 and data from 1990 to 2002 in

freshwater canals, identified endosulfan as a chemical of
potential ecological concern.
The present study comprises the results of comprehensive

surveys conducted between August 2001 and March 2004 and
between January 2007 and May 2009, to establish the
occurrence, distribution, and environmental fate of the pesticide
endosulfan and its metabolite, endosulfan sulfate, within the
Everglades National Park (ENP), Biscayne National Park
(BNP), and Big Cypress National Preserve (BICY). The
monitoring network included 65 stations (Figure 1) where
surface water, sediment, fish, and benthic organisms were
collected on a regular basis from canals and protected parks’
lands.

■ MATERIALS AND METHODS
Study Area Description. ENP is located at the south end of the

Florida peninsula and is characterized by a low, flat, wet plain covered
by a wide grassy river with alternating ridges and sloughs, covering an
area of 6110 km2. The freshwater portion of the park represents about
one-third of the original Everglades, which extended from Lake
Okeechobee, in the north, to Florida Bay (FB), in the south, for 160
km and from the Coastal Pineland Ridge, in the east, to the Big
Cypress Flatwoods, in the west, for 60 km. This extensive freshwater
ecosystem comprised wet prairies, sawgrass marshes, cypress and
mangrove forests, and coastal lagoons and bays, which continues to
provide a mosaic of wildlife habitats. In the late 1940s, the federal
government implemented a major water control project to provide
water supply and flood protection for south Florida, which
substantially changed the hydrology and ecology of the Everglades.
Today in the Everglades, an extensive network of canals and structures
allow the rapid redistribution of flows throughout the system but also

Figure 1. Sampling stations within Everglades National Park (ENP), Big Cypress National Preserve (BICY), Biscayne National Park (BNP/BB),
canal and control structures of the C-111 canal, Loveland Slough (C-111E), and one reference station isolated from the network of canals (Rocket).
ENP is divided into the following areas: Lower C111 Canal basin (C-111-1/2/3), Highway Creek (C111-4), East Boundary (E), Florida Bay (FB);
Shark River Slough (SRS 1/2/3), Shark River (SRS4), Taylor Slough (TS1/2/3), Taylor Slough/Florida Bay (TS4), Tamiami Trail (TT), and West
Boundary (WB). Canals and control structures are divided into the following areas: L-31N Canal (332B), C113 Canal (S176E), C111 Canal (S-
176S), Structure 178 (S-178), Structure 178 Buffer (S-178B), and Structure 18C (S18C). Loveland Slough is divided into C111-212, C111-217, and
C111-217B areas.
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facilitate the movement of pollutants, including agricultural pesticides,
into surface waters.6,37 The Canal 111 (C-111) freshwater basin is a
buffer zone that separates the wetlands of ENP from highly productive
subtropical agricultural lands and urban development areas. Most of
the water discharged into ENP and the southern estuaries, as Florida
Bay, are a mixture of rainfall and runoff from urban and agricultural
areas of southeast Florida.
Water samples were collected between January 2007 and May 2009

in 1 L amber glass bottles from 30 stations within and around ENP, 9
stations within BICY, 11 stations within BNP, 6 stations within the
canal and control structures of the C-111 canal, 3 stations in Loveland
Slough (C-111E), and 1 reference station completely isolated from the
network of canals (Rocket) (Figure 1). ENP samples are divided into
the following areas: Lower C111 Canal basin (C-111-1/2/3), Highway
Creek (C111-4), East Boundary (E), Florida Bay (FB); Shark River
Slough (SRS 1/2/3), Shark River (SRS4), Taylor Slough (TS1/2/3),
Taylor Slough/Florida Bay (TS4), Tamiami Trail (TT), and Western
Boundary (WB). Canals and control structures are divided into the
following areas: L-31N Canal (332B), C113 Canal (S176E), C111
Canal (S-176S), Structure 178 (S-178), Structure 178 Buffer (S-178B,
adjacent to S178), and Structure 18C (S18C). The Loveland Slough
area includes stations C111-212, C111-217, and C111-217B (located
at the same geographical coordinate as C111-217). Some stations were
located along areas where anthropogenic inputs were likely, such as the
northern (TT) and eastern (E) boundaries of ENP and canals in BNP.
Areas in the western side (WB) of ENP not likely to be affected by the
implementation of CERP and the resulting changes in water deliveries
were also selected as controls. Sediment, surface water, and sunfish
were collected at Rocket to act as reference blank samples away from
any direct source of pesticide application. Sampling was periodically
and generally timed to coincide with agricultural production and
included sampling during both growing (high pesticide usage) and
nongrowing (low pesticide usage) seasons. The samples were keep
refrigerated (<4 °C) until analysis. The sampling points at each
location are shown in Figure 1.
The first sediment sampling event was conducted between August

2001 and March 2004 and the second between March 2006 and
October 2008. At each station, the top 8 cm of five 6.5 cm cores were
collected from within a 100 m2 area, consolidated, and stored frozen in
combusted glass jars with Teflon-lined lids until analysis.
Because of their limited mobility, tissue samples of mosquito fish

(Gambusia holbrooki), marsh killifish (Fundulus confluentus), flag fish
(Jordanella floridae), Mayan cichlid (Cichlasoma urophthalmus),
diamond killifish (Adinia xenica), jewel cichlid (Hemichromis spp.),
pike killifish (Belanesox belizanus), catfish (Clarias batrachus), golden
topminnow (Fundulus chrysotus), mojarra (Eucinostomus harengulus),
puffer fish (Tetraodontidae), sunfish (Lepomis spp.), rainwater killifish
(Lucania parva), sailfin molly (Poecilia latipinna), sheepshead minnow
(Cyprinodon variegatus variegatus), bay anchovy, clam, mussel, and
tadpole were collected to assess the environmental fate of chemical
contaminants in both canal and adjoining estuarine and marine
ecosystems.
Tissue sampling was first conducted between December 2001 and

March 2004 and then latter between August 2006 and April 2009
using 1/4 and

1/8 in. minnow traps deployed 24 h prior to collection;
multiple collections were conducted until an adequate sample size was
attained. Fish were identified and sorted at the collection sites, and
composite samples of whole tissue (N > 20) were homogenized and
stored at <−10 °C until ready for analysis. Fish samples were also
collected from stations in FB using cast nets. These samples included
larger species of fish such as mojarra (Cichlasoma spp.) and mullet
(Mugil spp.). The fish collected feed mainly on zooplankton, small
insects, microcrustaceans and microbivalves, organic detritus, and algae
(fishbase.org).
Chemicals. All material and glassware used were previously

cleaned, combusted in a muffle furnace at 440 °C for at least 6 h,
and then rinsed with acetone, methanol, hexane, and dichloromethane
prior the analysis to avoid contamination. Certified standards of α- and
β-endosulfan and endosulfan sulfate (1000 μg mL−1) were purchased
from Ultra Scientific, Analytical Solutions. A mixture of 4,4′-

dibromooctafluorobiphenyl (DBOFB), 2,2′,4,5′,6-pentachlorobiphen-
yl (PCB 103), and 2,2′,3,3′,4,5,5′,6-octachlorobiphenyl (PCB198) at
200 μg mL−1 each in acetone was obtained from Accustandard (New
Haven, CT, USA) and used as surrogate (added before extraction) for
quality control of the analytical procedure. Tetrachloro-m-xylene
(TCMX, Supelco, St. Louis, MO, USA) (100 μg mL−1) was used as
internal standard (added just before injection) for chromatographic
analysis. Stock and working solutions were prepared with optima
quality or equivalent solvent, methanol, n-hexane, pentane, acetone,
and dichloromethane (Fisher Scientific, Fair Lawn, NJ, USA) and
stored at −18 °C. Ultrapure water (18.2 MΩ cm−1) was obtained by a
Nanopure Infinity Ultrapure Water system.

Chemical Analyses. All samples were prepared following the
procedures described by EPA method 8081B41 (U.S. EPA, 2007).
Prior to water sample extraction, 20−30 g of sodium chloride was
added to the samples to increase ionic strength. After addition of the
surrogate standards, 1 L water samples were processed by liquid−
liquid extraction with 50 mL of methylene chloride. The extraction
was repeated two more times using fresh portions of solvent. All
extracts were dried over Na2SO4, concentrated using a Kuderna−
Danish system, and, after addition of internal standard, transferred to
GC vials for analysis. An aliquot (15 g) of homogenized freeze-dried or
chemically dried sediment sample was extracted for 2 min by
accelerated solvent extraction (ASE) using dichloromethane. The
extract was then concentrated and solvent exchanged to hexane for
cleanup by silica gel/alumina column chromatography. Tissue samples
were homogenized, and the sample percent moisture was determined.
An aliquot of 0.5−15 g wet weight (depending on tissue type and
availability) was extracted three times with fresh portions of 100 mL of
dichloromethane in the presence of sodium sulfate (20−50 g) by
maceration with a tissumizer. The concentrated extract was then
purified using silica gel/alumina column chromatography. The cleanup
was performed using a glass chromatographic column (30 cm × 1.1 cm
i.d.) packed with 10 g of alumina (deactivated with 1% water) and 20 g
of silica gel (deactivated with 5% water) using 30 mL of CH2Cl2.
Tissue samples required further purification by gel permeation
chromatography (GPC) before instrumental analysis. The instrument
conditions of GPC were as follows: flow rate, 5−7 mL min−1;
detection wavelength, 254 nm; injection volume, 1 mL; GPC column,
Phenomenex Phenogel 10 μm, 250 mm × 25 mm; and elution solvent,
methylene chloride. The eluted portions of 40 min with 20−22 min
rejection volumes (“cutoff time”) were collected, and the fractions
were transferred to a 250 mL flat-bottom flask, evaporated initially to
10 mL, and then further concentrated to 1 mL in a water bath of 40 °C
on a Kuderna−Danish concentrator tube.

Instrumentation. Endosulfan α- and β-isomers and the metabolite
ES were quantified on a Hewlett-Packard series II 5890 gas
chromatograph fitted with an electron capture detector (ECD) and
a DB-5 fused silica capillary column (30 m × 0.25 mm i.d., 0.25 μm
film thickness, J&W Scientific). A confirmatory chromatographic
analysis of standards and samples was performed in a column with a
stationary phase of different polarity (30 m × 0.25 mm i.d., 0.25 μm
film thickness, Zebron Multiresidue 1, Phenomenex). Chromato-
graphic conditions for endosulfan and endosulfan sulfate determi-
nation were the following: 1−4 μL of sample was injected at splitless
mode; the column oven was programmed for an initial temperature of
100 °C for 1 min and a rate of 5 °C min−1 to 140 °C, then held for 1
min at 140 °C, ramped to 250 °C at a rate of 1.5 °C min−1, held for 1
min, and finally increased at a rate of 10 °C min−1 to 300 °C and held
for 5 min; with helium as the carrier gas (at a flow rate of 1 mL min−1)
and argon/methane or nitrogen as makeup gas (40 mL min−1). The
injector and detector temperatures were maintained at 275 and 325
°C, respectively.

Quantitation. Analyte concentrations in the samples were
calculated on the basis of the area ratio between the analyte and
surrogate standard (PCB 103) and taking into account concentration
and/or dilution effects. The internal standard for chromatographic
analysis (TCMX) was used to calculate surrogate recoveries. DBOFB
or PCB 198 was used to calculate selected analyte concentrations, if it
was demonstrated that they produced more reliable data (if matrix
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interference occurs with PCB 103) based on percent recoveries in
spiked blanks or matrix spikes.
Quality Control. To control the quality of the analytical data,

target compounds were spiked with a mixture of standards at 40 ng
L−1 and were analyzed through the procedures. Matrix spike recoveries
for all target analytes ranged from 56 to 118% (mean ± SD, 97 ±
12%) for water samples, from 59 to 118% (80.4 ± 12%) for sediment
samples, and from 54 to 112% (82 ± 16%) for tissue samples.
Surrogate recoveries ranged from 54 to 130 (mean ± SD, 86 ± 18%).
Calibration standards were prepared in hexane at concentrations
ranging from 5 to 200 ng mL−1. Analytical curves were revalidated
after every set of 20 samples. All standard calibration curves exhibited
excellent linearity (correlation coefficient > 0.99). The method
detection limit (MDL) was <1 ng L−1 (or ng g−1) for water and
sediment samples and <2 ng g−1 for fish tissue samples. Quality

control samples included a method/procedural blank, a matrix spike,
and a matrix spike duplicate with every sample set.

■ RESULTS AND DISCUSSION
Endosulfan in Surface Water. Water samples have been

collected since 1992 at several sites within the studied area.
Presently, the U.S. EPA has determined that the concentration
of endosulfan sulfate must be summed to that of α- and β-
endosulfan to evaluate the risks and toxicity related to the use
of endosulfan.23 Total endosulfan (sum of endosulfan sulfate
and α- and β-endosulfan) occurred in 24% of the collected
water samples (n = 435), most of those near the canals and
structures of ENP. The highest concentrations were at station
S-178 followed by those at monitoring stations C111-212 and

Figure 2. Distribution of endosulfan sulfate and α- and β-endosulfan (ng L−1) in surface water of ENP sampled regions of East (E1-7, n = 28) and
West Boundary (WB1-3, n = 25), Taylor Slough (TS1-4, n = 23), Loveland Slough (C111-212 and C111-217, n = 28), L-31N canal (332B, n = 20),
C113 canal (S176E, n = 20), C111 canal (S176S, n = 20), and Structure 178 (S178, n = 31). Results showed more than one positive detection for
different sampling days in the same month at 332B (Feb09 = 3), S176S (Jan09 = 2, Feb09 = 3, Mar09 = 2, Apr09 = 4), S176E (Feb09 = 2, Mar09 =
2, Apr09 = 4), S178 (Nov08 = 2, Jan09 = 4, Feb09 = 4, Mar09 = 4, Apr09 = 4), C111-212 (Jan09 = 2, Feb09 = 3, Mar09 = 4, Apr09 = 4), and C111-
217 (Jan09 = 2, Feb09 = 4, Mar09 = 4, Apr09 = 3).
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C111-217 along the Loveland Slough area, located in the upper
drainage area of the C111E canal. Figure 2 shows the
distribution of endosulfan sulfate and α- and β-endosulfan in
surface water of ENP E, WB, and TS regions, Loveland Slough
(C111-212 and C111-217), L-31N canal (332B), and structures
S176E, S176S, S178, and S18C. Concentrations ranged from
<5 to 101 ng L−1 (mean, 17.8 ± 22.2 ng L−1), from <5 to 48.4
ng L−1 (mean, 10.7 ± 11 ng L−1), and from <5 to 15 ng L−1

(mean, 4.8 ± 3.5 ng L−1) for endosulfan sulfate and α- and β-
endosulfan, respectively. As observed in Figure 2, some
concentrations at S178, C111-212, and C111-217 exceeded
the U.S. EPA’s chronic water quality criteria (WQC) for fresh
waters (56 ng L−1).38 Other studies have also reported

endosulfan in canal and surface waters of Florida Bay, often
exceeding the WQC.32,36,42 However, in the present study, FB
samples did not exceed EPA and Florida WQC for saltwater
(8.7 ng L−1).38

Dry-season (October−March) samples had a higher endo-
sulfan frequency of detection (21%) and higher levels than wet-
season samples (Figure 3), with concentrations ranging from
<5 to 158 ng L−1 (mean, 24 ng L−1) at ENP sites. Downing et
al.43 also noted that dry-season endosulfan concentrations were
higher by 3 orders of magnitude than wet-season concen-
trations. In Figure 3 is presented the seasonal distribution of
total endosulfan in surface water, showing the results of all
waters sampled within the months. The temporal and spatial

Figure 3. Seasonal distribution of total endosulfan in surface water samples. Sampling sites were BB01-16 (n = 95); BICY01-09 (n = 36); C111-1 to
C111-3 (n = 15); C111-4 (n = 6); E1-7 (n = 28); FB1-2 (n = 17); SRS1-3 (n = 12); SRS4 (n = 8); TS1-4 (n = 23); TT1-4 (n = 25); WB1-3 (n =
25); 332B (n = 20); S176E (n = 20); S176S (n = 20); S178 (n = 31); S18C (n = 27); C111-212 (n = 14) and C111-217 (n = 14). Results showed
more than one positive detection in Jan(07) = 2, May(07) = 2, Mar(08) = 2, Apr(08) = 3, Sep(08) = 2, Nov(08) = 4, Dec(08) = 5, Jan(09) = 11,
Feb(09) = 20, Mar(09) = 17, and Apr(09) = 19.

Figure 4. Total endosulfan distribution (ng g−1 dw) in sediments collected from 2006 to 2009. Results presented positive detection at C111-3 (n =
1), E6 (n = 1), S178 (n = 7), C111-212 (n = 4), and C111-217 (n = 5).

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403140z | J. Agric. Food Chem. 2013, 61, 11881−1189211885



distribution of elevated endosulfans may be associated with
winter vegetable farming or an infestation of whiteflies that
could not be controlled by the use of other insecticides.
Concentrations reached 158 ng L−1 at S178 and 130 ng L−1 at
C111-212 station in the C-111E canal (Loveland Slough); both
were 3 to 2 times higher than EPA and Florida freshwater
chronic criterion of 56 ng L−1, suggesting that aquatic
organisms exposed to these elevated levels may be at risk.
Similarly, concentrations varied from <5 to 65 ng L−1 during
the rainy season, although representing only 3% of all water
samples. Because α- and β-endosulfan (parent compounds)
were detected in surface waters, the source of the endosulfan
was probably runoff from nearby agricultural fields.6,44 It is
noteworthy that surface water samples collected from BB and
FB sites did not have detectable concentrations of endosulfan
in this study.
In the current study (2007−2009), total endosulfan levels

ranged from 1.74 to 158 ng L−1 and averaged 22.4 ± 28.8 ng
L−1. The highest endosulfan concentration previously reported
in the C-111 basin was >1300 ng L−1.35 Previous results in
South Miami Dade County indicated the presence of
endosulfan in surface water from FB and surrounding
environments at concentrations ranging from 103 to 748 ng
L−1 during the time period from 1992 to 2001,33 from 0.2 to
477 ng L−1 during the 1993−1997 period in a multiyear study
of the C-111 canal system of South Florida,6 and from 12 to
168 ng L−1 during the 2002−2003 period, suggesting a possible
decrease in application of endosulfan in the area,45 although
concentrations of endosulfan have nearly doubled from the
2002−2003 to the 2004−2007 period.46

Similar results were obtained from a monitoring program on
insecticide loss to streamwater from agricultural areas in
Ontario, Canada, which showed the presence of endosulfan
ranging from 10 to 170 ng L−1 from agricultural watersheds.47

Distribution of total endosulfan in a tributary of the Ganges
River, in India, ranged from below the detection limit to 94.67
ng L−1.48 Higher concentration levels ranging from 10 to 2270
ng L−1 of detected residual pesticides were found in surface
water during the dry and wet seasons from the Warri River and
Niger Delta, Nigeria, sampled monthly from January to August
2006.49 Therefore, the levels found in the present study are
consistent with the environmental concentrations in an area of
continued use of this particular insecticide.

Endosulfan in Sediments. Endosulfan sulfate was found in
sediment samples from the C-111 canal. Concentrations ranged
from 5 to 57 ng g−1 dry weight (dw) during the 2006−2009
period, with the highest levels in the C111-212 site (Figure 4).
In a buffer region between the Loveland Slough (S178B site),
upstream of S178, and the adjacent agricultural areas,
concentrations were as high as 189 ng g−1 dw. The first
sampling event during 2001−2004 showed endosulfan in 35%
of the samples but at concentrations below the limit of
quantification (2 ng g−1 dw). Endosulfan isomers were
occasionally found in sediment samples. The highest
concentrations of α- and β-endosulfan were 28 and 57 ng g−1

dw, respectively, at C111-212 (Figure 4). These findings are
consistent with the literature, which states that α- and β-
endosulfan have relatively short half-lives of 35 and 150 days for
sediment and as little as 1 day for water, whereas endosulfan
sulfate is more persistent in the environment, showing
widespread occurrence. Total endosulfan distribution in
sediment (2006−2009 period) is shown in Figure 4.
Previous studies have identified α- and β-endosulfan and

endosulfan sulfate as chlorinated pesticides of concern and
observed that sediments had multiple endosulfan exceedences
in the C-111 basin.6,40 Sediments from C-111 and FB were
collected in 1996, and total endosulfan was 168 and 1.33 ng g−1

dw, respectively.6 Endosulfan sulfate was found in sediment at

Figure 5. Distribution of total endosulfan (ng g−1 dw) in fish tissue collected from 2006 to 2009. The fish species included were sailfin molly,
diamond killifish, puffer fish, flag fish, marsh killifish, jewel cichlid, mosquito fish, mojarra, sunfish, Mayan cichlid, and goldentop minnow. Sampling
sites were Biscayne Bay stations (n = 26) BB01-11; Big Cypress (n = 20) BICY01-08; C111 stations (n = 10) C111-1, C111-2, and C111-3; Highway
Creek (n = 2) C111-4; East Boundary (n = 27) E1-7; Florida Bay (n = 9) FB1 and FB2; Shark River Slough (n = 8) SRS1-4; Taylor Slough (n = 12)
TS1-4; Tamiami Trail (n = 9) TT1-4; West Boundary (n = 4) WB1-3; S178 (n = 8); S18C (n = 3); and Loveland Slough (n = 4) C111-212 and
C111-217.
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S178 in the C-111 canal during a 1991−1995 monitoring
event; all three endosulfan residues were found in sediment
samples with maximum levels of 1200, 16, and 24 ng g−1 for
endosulfan sulfate and α- and β-endosulfan, respectively.32

Endosulfan sulfate was also consistently found in sediments
from 1996 to 2000 in the C-111 canal by the SFWMD, whereas
the α- and β-isomers were only occasionally found.38 Total
endosulfan concentrations ranged from 3.8 to 152 ng g−1 at S-
178 during the 1986−2006 period.46 However, in previous
studies conducted by the U.S. EPA in 1995, endosulfan residues
occurred at lower concentrations in sediments of the C-111 and
in sediments of Shell and Trout Creeks of northeastern Florida
Bay.36

Elsewhere, Scott et al.50 found endosulfan concentrations up
to 280 ng g−1 in sediment from the North Edisto River in South
Carolina, and residues were attributed to surface runoff from
agricultural lands. Compared to other national parks in the
western United States, only endosulfan sulfate has been
detected in lake sediments in concentrations ranging from
0.11 to 1.2 ng g−1, suggesting that the parent endosulfan
isomers are metabolized in sediments.8 Endosulfan in bottom
sediment has been listed as toxic to aquatic invertebrates,51 but
currently there are no established sediment guidelines for
aquatic life.
Endosulfan in Tissue Samples. Fish samples (killifishes,

mosquito fish, sailfin molly, cichlids, puffer fish, catfish, flagfish,
sunfish, sheepshead minnow, golden topminnow, mojarra, and
bay anchovy) and benthic organisms (clam, mussel, and
tadpole) were collected from ENP, BNP, and BICY between
2001 and 2009. During the 2001−2004 period, β-endosulfan
and endosulfan sulfate were found in 72 and 31% of the
samples, respectively, with levels ranging from <5 to 350 ng g−1

(mean, 39.1 ± 68 ng g−1) dw for endosulfan sulfate and from
<5 to 71.4 ng g−1 for β-endosulfan (mean, 4.62 ± 11 ng g−1).
During the 2006−2009 period, endosulfan sulfate was found in
59% of the samples; however, both parent compounds, α- and
β-endosulfan, were detected in only 12 and 8% of the samples,
respectively, and occurred at lower concentrations. Distribution
of total endosulfan in fish tissue collected from the 2006−2009
period is presented in Figure 5. Concentrations of the parent α-
and β-endosulfan were lower than those observed for their
metabolite, ranging from <5 to 55.4 ng g−1 dw, and only
detected in areas of direct anthropogenic inputs, such as
Structures S178 and S18C. Elevated concentrations of
endosulfan sulfate, of up to 140 ng g−1 dw with a mean of
23 ng g−1 (n = 147), were observed in whole fish tissue.
Although the distribution of endosulfan in fish tissue seemed to
be localized in areas influenced by the system of canals along
the C-111 basin and the eastern boundary of ENP near the
Homestead Agricultural Area, residues were also detected in the
other two parks: BICY (in 70% of 20 samples) and BNP (in
23% of 26 samples). FB sites did not have detectable
concentrations of endosulfan in surface waters, but in fish
tissues reached a total endosulfan concentration of 8 ng g−1 dw.
High levels of total endosulfan were also observed in benthic

organisms (clam, mussel, and tadpole) collected from 2006 to
2009 along the S178 site with total concentrations ranging from
48 to 188 ng g−1 dw (Figure 6).
The maximum reported total endosulfan tissue concentration

for small fish in the C-111 basin was 371 ng g−1 in the present
study, during the 2001−2004 period. Figure 7 compares the
spatial distribution along the study area of endosulfan sulfate in
fish tissue collected from 2001 to 2004 versus fish tissue

collected from 2006 to 2009. Although a decrease is observed
in endosulfan levels from 2001 to 2009 at the east boundary of
ENP, concentrations have increased at sites located in Loveland
and Shark River Sloughs and showed no change in the C-111
basin.
Previous studies have reported endosulfan sulfate concen-

trations in mussel tissue of 3.4 ng g−1 dw in eastern Florida Bay
and 8.1 ng g−1 dw at the Goulds Canal in Biscayne Bay.52 The
average concentration of total endosulfan, from 1993 to 1998,
ranged from 0.3 to 20.1 ng g−1 dw for small fish and from 3.3 to
21.3 ng g−1 dw in mangrove oysters,6 being slightly lower than
in fish tissue and benthic organisms from the present study. A
recent report on oyster tissue had maximum concentrations for
α-endosulfan of 41.4 and 16.8 ng g−1 dw at sites in Joe Bay,
Florida Bay.53

On the basis of a recently reported lethal dose of endosulfan
in fish tissue of 31 ng g−1 (ww),54 critical levels above this
threshold were found in 5% of fish samples (n = 135),
representing potential acute and chronic risks of total
endosulfan to aquatic organisms. Mussel, tadpole, and clam
accumulated endosulfan at high concentrations (up to 188 ng/g
dw), indicating that the endosulfan contamination source and
any potential effects may be realized locally. The highest risk of
acute effects is associated with endosulfan exposure on
athropods at the S-178 site.54

The literature shows that α-endosulfan may be more acutely
toxic than β-endosulfan and endosulfan sulfate to fish and
invertebrates, but a combination of (α + β)-endosulfan plus
endosulfan sulfate appears to be more toxic than any single
isomer.55 However, the half-life of the endosulfan sulfate is
longer than that of the two isomers, making chronic exposure
to the former a real threat to fish and invertebrates.56

Accumulation Patterns. Bioconcentration factors (BCFs)
were estimated on the basis of the average concentration of
total endosulfan measured in water and in whole body fish
collected at the same sampling station. The estimation did not
take into consideration the different fish species, because they
had similar sizes and feeding habits.
On the basis of the water concentration available at limited

stations, the total endosulfan BCF ranged from 441 to 5285 L
kg−1 dw. Mean BCF values were estimated at 2245 and 4435 L
kg−1 dw for endosulfan sulfate and total endosulfan,
respectively. Previous studies with similar species reported a
range from 318 to 2963,57 which is in good agreement with the
above estimates. In benthic organisms, BCFs were estimated at
1844 and 2595 L kg−1 dw for endosulfan sulfate and total
endosulfan, respectively.

Figure 6. Endosulfan distribution (ng g−1 dw) in benthic organisms
from S178 (n = 3).
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In the absence of environmental criterion to evaluate the
potential risk from endosulfan sulfate exposure to fish, an
indirect assessment based on the estimated BCF was used. A
median lethal concentration (LC50) of 84 ng L−1 was derived
from the equation proposed by McCarty,58 which represents
the surface water total endosulfan concentration to achieve a
body burden of 371 ng g−1 dw (the highest total endosulfan
concentration observed in fish). This threshold is even higher
than the water quality criteria for endosulfan in fresh waters (56
ng L−1). Concentrations above the threshold value were found
at S-178 and C111-212 and represent conditions where
exposure to endosulfan in surface waters may be conducive
to high risk to the aquatic environment.
Alternatively, if the LC50 is assumed to be equal to the water

quality criteria, a lethal body burden of 250 ng g−1 dw is
obtained for total endosulfan. In the present study, 4% of
analyzed fish exceeded the estimated critical body residues of
endosulfan in fish tissue of 250 ng g−1 dw. However, until
reliable toxicological data based on endosulfan sulfate become
available, the question of risk associated with the observed body
burdens remains largely unanswered. Because these small fish
are an intermediary link in the Everglades’ food chain,
monitoring of top predators such as wading birds should be
explored.
Higher BCFs ranging from approximately 20 to 11600 L

kg−116 have been reported for seven species of fish, including
sheepshead minnow (Cyprinodon variegatus), zebra fish
(Brachydanio rerio), yellow tetra (Hyphessobrycon bifasciatus),
striped mullet (Mugil cephalus), pinfish (Lagodon rhomboids),
long whiskers catfish (Mystus gulio), and spot croaker
(Leiostomus xanthurus). In most cases, BCF values appeared
to be in the 100059 to 3000 range,57 which are within the range
observed in this study. Bioconcentration studies were also
available for invertebrates (blue mussel, grass shrimp, oyster,
clam, and red swamp crayfish) and the BCF ranged from 12 to
600.16 More recently, average BCFs of 2682 and 3278 were
determined for freshwater green algae (Pseudokirchneriella
subcapitatum) and the cladoceran (Daphnia magna), respec-
tively,60 which is in the same range of the values observed for
clam, mussel, and tadpole in the present study.

Endosulfan Environmental Fate and Temporal
Trends. Endosulfan sulfate was more frequently detected
than the α- and β-isomers in all sample matrices. Endosulfan
sulfate typically is more persistent in aqueous environments
than either parent isomer because of its longer half-life in water
and soil.61 Endosulfan α-isomer is more volatile than the β-
isomer and therefore is transported as vapor and spray drift,
presenting higher atmospheric concentrations.62 However, β-
endosulfan has a lower Henry’s law constant, which favors its
removal from the atmosphere by wet deposition and air−water
exchange.63−65 Isomer conversion from endosulfan β to α can
also occur.66 Increasing concentrations of endosulfan sulfate in
aquatic mammals from the Artic have been reported,67,68

whereas endosulfan sulfate concentrations in male belugas from
southeastern Baffin Island in 2002 did not differ from those in
1996.
Concentrations of endosulfan have been detected in snow

samples of western U.S. national parks ranging from 0.20 to 2.5
ng L−1 and from 0.07 to 1.18 ng L−1 for α- and β-endosulfan,
respectively, whereas for endosulfan sulfate, concentrations
ranged from 0.15 to 0.21 ng L−1,8 providing clear evidence of
airborne transport of endosulfan into these ecosystems and
reinforcing the concerns expressed by ENP regarding the threat
that endosulfan exposure poses to flora and fauna in national
parks.69 These compounds also were detected in precipitation,
confirming that pesticides entering aquatic ecosystems through
atmospheric deposition are persistent enough to be accumu-
lated in lake sediments and potentially in aquatic biota as
well.8,62,65

The ubiquity of endosulfan along the environmental
compartments near ENP seems to be directly linked to
agricultural activities and has some of the highest historical
surface water concentrations of endosulfan sulfate in all of
South Florida, suggesting that runoff of pesticides is the main
contamination route.53 The trend of these compounds is still
unclear; although the use of endosulfan may have decreased
worldwide since 1990s, contaminant levels in sediments, fish,
and surface water are still high in some areas. Trend analyses of
canal water data (1990−2010) at Station S-178 in Loveland
Slough based on DBHYDRO database show that endosulfan
concentrations have not exactly decreased over time (Figure 8).

Figure 7. Spatial distribution of endosulfan sulfate in fish tissue collected from 2001 to 2004 versus fish tissue collected from 2006 to 2009. Sampling
sites included were C111 stations C111-1 to C111-4; East Boundary E1-E7; Florida Bay FB1 and FB2; Shark Slough SRS1-4; Taylor Slough TS1-4;
Tamiami Trail TT1-4; West Boundary WB1-3; and Loveland Slough C111-212 and C11-217. Sample size (n) is presented in the figure.
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The DBHYDRO database is the SFWMD corporate environ-
mental database, which stores hydrologic, meteorologic,
hydrogeologic, and water quality data; this database is the
source of historical and up-to-date environmental data for the
16 county region covered by the district.
Comparison to other studies on total endosulfan levels found

in surface water from South Florida canals over the years is also
shown in Figure 8. It appears that decades of agricultural
activity have built a reservoir of soil endosulfan that is
replenished every growing season. Local farming practices of
crushing the limestone cap rock with heavy plows may facilitate
soil erosion and transport of endosulfan-absorbed soil particles
to nearby water bodies and canals.40,70 Such practices also have
the potential for enhancing volatilization, atmospheric trans-
port, and redeposition of endosulfan in areas away from the
source. This is evident in sites on the east boundary of ENP,
Loveland Slough, and C-111 canal, where the chronic risk of
exposure is particularly high to fish and invertebrates because of
elevated endosulfan concentrations that have not significantly
changed over the past few years.
In summary, the analysis of surface waters and sediments

showed a similar geographic distribution of endosulfan.
Endosulfan was detected in 24% of the water samples (n =
437) and had a high concentration of 158 ng/L and in 14% of
sediment samples (n = 144) with a high of 189 ng/g. Elevated
concentrations of endosulfan sulfate were detected in whole
fish tissue of up to 140 ng g−1 (dw) with a mean of 23 ng g−1 (n
= 147) during the 2006−2009 period and up to 350 ng g−1 dw
with a mean of 39 ng g−1 (n = 68) during the 2001−2004
period. Endosulfan sulfate was the major endosulfan metabolite
detected in the samples, whereas α and β-endosulfan were
normally observed at concentrations considerably lower. The
distribution of endosulfan in all types of samples seems to be
localized in areas influenced by the system of canals and along
the C-111 and C-111E canals.
Although the use of endosulfan may have decreased, levels

found along the C-111 canal and structures (S178) still
exceeded the U.S. EPA’s WQC for fresh waters (56 ng L−1).38

Overall, it is evident that there is not significant widespread
contamination in the protected parklands of southeast Florida,
although the endosulfan levels encountered especially along the
C111 canal might pose a threat to the biota and the aquatic
ecosystem. In terms of the current project of restoration and
the efforts to continue to increase freshwater flow into the
Everglades from the C-111 canal system, attention should be
drawn to the increasing endosulfan usage in South Florida,4

which contributes to the potential for agriculturally associated
pesticide contamination in this area. Another fact is that
endosulfan will continue to be used by growers for the next few
years until existing stocks are exhausted; therefore, continuous
monitoring is recommended to ensure that no further harzard
is realized in this environmentally sensitive region.

■ AUTHOR INFORMATION
Corresponding Author
*(P.R.G.) E-mail: gardinal@fiu.edu.

Funding
This work was financially supported by the Everglades
Fellowship provided by the Department of Interior, Everglades
National Park. The CARE Project was funded by Cooperative
Agreement H5297050133 between FIU and Everglades
National Park. This is SERC Contribution 641.
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS USED
332B, L-31N Canal; BCFs, bioconcentration factors; BICY, Big
Cypress National Preserve; BNP, Biscayne National Park; C-
111, C111 Canal; C111-4, Highway Creek; CARE, contami-
nant, assessment, and risk evaluation; CERP, Comprehensive
Everglades Restoration Plan; dw, dry weight; E, East Boundary;
ENP, Everglades National Park; FB, Florida Bay; LC50, median
lethal concentration; NOAA, National Oceanic and Atmos-
pheric Administration; S-176E, C113 Canal; S-176S, C111
Canal; S-178, Structure 178; S-178B, Structure 178 Buffer;

Figure 8. Comparison of endosulfan DBHYDRO database (bars) to previous studies in the ENP area of Miles and Pfeuffer, 1997 (1991−1995);
Pfeuffer and Rand, 2004 (1992−2001); Scott et al., 2002 (1993−1997); Downing et al., 2004 (1998−2000); Pfeuffer and Matson, 2003 (2002−
2003); Harman Fetcho et al., 2005 (2002−2004); and the present study (2007−2009) (dashed line).

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403140z | J. Agric. Food Chem. 2013, 61, 11881−1189211889



S18C, Structure 18C; SFWMD, South Florida Water Manage-
ment District; SRS, Shark River Slough; SRS4, Shark River; TS,
Taylor Slough; TS4, Taylor Slough/Florida Bay; TT, Tamiami
Trail; U.S. EPA, United States Environmental Protection
Agency; WB, West Boundary; WQC, chronic water quality
criteria

■ REFERENCES
(1) U.S. EPA. EFED Risk Assessment for the Reregistration Eligibility
Decision on Endosulfan (Thiodan_R); U.S. Environmental Protection
Agency, Office of Prevention, Pesticides and Toxic Substances,
Washington, DC, 2001.
(2) National Research Council of Canada (NRCC). Endosulfan: Its
Effects on Environmental Quality; NRCC Publication 14098; NRC
Associate Committee on Scientific Criteria for Environmental Quality,
Subcommittee on Pesticides and Related Compounds, Ottawa,
Canada, 1975; 100 pp.
(3) European Food Safety Authority (EFSA).. Opinion of the
Scientific Panel on Contaminants in the food chain on a request from
the Commission related to endosulfan as undesirable substance in
animal feed. EFSA J. 2005, 234, 1−29.
(4) U.S EPA. Qualitative Assessment of the Impacts of Risk
Management Strategies for Endosulfan on Multiple Crops: Extending
REIs and Cancellation, Document EPA-HQ-OPP-2002-0262-0161,
2010; available at http://www.regulations.gov/#!docketDetail;D=
EPA-HQ-OPP-2002-0262 (accessed March 2012).
(5) Florida Department of Agriculture, Consumer Services
(FDACS). Summary of agricultural pesticide usage in Florida:
2007−2009. FDACS, Division of Agricultural Environmental Services,
Bureau of Pesticides, Tallahassee, 2010; 40pp; available at http://
www.flaes.org/pdf/PUI_narrative_2010.pdf (accessed March 2012).
(6) Scott, G.; Fulton, M.; Wirth, E.; Chandler, G.; Key, P.;
Daugomah, J.; Bearden, D.; Chung, K.; Strozier, E.; DeLorenzo, M.;
Silvertsen, S.; Dias, A.; Sanders, M.; Macauley, J.; Goodman, L.;
LaCroix, G.; Thayer, G.; Kucklick, J. Toxicological Studies in Tropical
Ecosystems: An Ecotoxicological Risk Assessment of Pesticide Runoff
in South Florida Estuarine Ecosystems. J. Agric. Food Chem. 2002, 50,
4400−4408.
(7) U.S. EPA. Environmental Fate and Ecological Risk Assessment for
the Reregistration Eligibility Decision on Endosulfan (Thiodan). DP
Barcode D238673; U.S. Environmental Protection Agency, Office of
Pesticide Programs, Environmental Fate and Effects Division,
Washington, DC, 2002; 224 pp.
(8) Mast, M. A.; Foreman, W. T.; Skaates, S. V. Current-Use
Pesticides and Organochlorine Compounds in Precipitation and Lake
Sediment from Two High-Elevation National Parks in the Western
United States. Arch. Environ. Contam. Toxicol. 2007, 52, 294−305.
(9) Jia, H. L.; Liu, L. Y.; Sun, Y. Q.; Sun, B.; Wang, D. G.; Su, Y. S.;
Kannan, K.; Li, Y. F. Monitoring and Modeling Endosulfan in Chinese
Surface Soil. Environ. Sci. Technol. 2010, 44 (24), 9279−9284.
(10) Shen, L.; Wania, F.; Lei, Y. D.; Teixeira, C.; Muir, D. C. G.;
Bidleman, T. F. Atmospheric Distribution and Long-Range Transport
Behavior of Organochlorine Pesticides in North America. Environ. Sci.
Technol. 2005, 39, 409−420.
(11) Yao, Y.; Harner, T.; Blanchard, P.; Tuduri, L.; Waite, D.;
Poissant, L.; Murphy, C.; Belzer, W.; Aulagnier, F.; Sverko, E.
Pesticides in the Atmosphere across Canadian Agricultural Regions.
Environ. Sci. Technol. 2008, 42, 5931−5937.
(12) Chakraborty, P.; Zhang, G.; Li, J.; Xu, Y.; Liu, X.; Tanabe, S.;
Jones, K. C. Selected Organochlorine Pesticides in the Atmosphere of
Major Indian Cities: Levels, Regional versus Local Variations, and
Sources. Environ. Sci. Technol. 2010, 44 (21), 8038−8043.
(13) Harvey, J.; Harwell, L.; Summers, J. K. Contaminant
Concentrations in Whole-Body Fish and Shellfish from US Estuaries.
Environ. Monit. Assess. 2008, 137 (1−3), 403−412.
(14) Sundar, G.; Selvarani, J.; Gopalakrishnan, S.; Ramachandran, S.
Occurrence of Organochlorine Pesticide Residues in Green Mussel

(Perna viridis L.) and Water from Ennore creek, Chennai, India.
Environ. Monit. Assess. 2010, 160 (1−4), 593−604.
(15) German Federal Environment Agency (GFEA). Endosulfan:
draft dossier prepared in support of a proposal of endosulfan to be
considered as a candidate for inclusion in the Annexes to the
Stockholm Convention. Umweltbundesamt, 2007; 46 pp.
(16) U.S. EPA. Appendix 1 to 2007 addendum: environmental fate
and ecological risk assessment of endosulfan; U.S. Environmental
Protection Agency, Office of Prevention, Pesticides and Toxic
Substances, Washington, DC, 2007; 101 pp.
(17) Callahan, M. A.; Slimak, M. W.; Gabel, N. W.; May, I. P.;
Fowler, C. F.; Freed, J. R.; Jennings, P.; Durfree, R. L.; Whitmore, F.
C.; Maestri, B.; Mabey, W. R.; Holt, B. R.; Gould, C. Water-related
environmental fate of 129 priority pollutants: I. Introduction and
technical background, metals and inorganics, pesticides and PCBs;
EPA-440/4-79-029a; U.S. EPA, Office of Water, Washington, DC,
1979.
(18) Goebel, H.; Gorbach, S.; Knuaf, W.; Rimpau, R. H.; Huttenbach,
H. Properties, Effects, Residues, and Analytics of the Insecticide
Endosulfan. Residue Rev. 1982, 83, 1−174.
(19) Shivaramaiah, H. M.; Sanchez-Bayo, F.; Al-Rifai, J.; Kennedy, I.
R. The Fate of Endosulfan in Water. J. Environ. Sci. Health B 2005, 40,
711−720.
(20) Lehotay, S. J.; Harman-Fetcho, J. A.; McConnell, L. L.
Agricultural Pesticide Residues in Oysters and Water from Two
Chesapeake Bay Tributaries. Mar. Pollut. Bull. 1998, 37, 32−44.
(21) Navarro, S.; Barba, A.; Segura, J. C.; Oliva, J. Disappearance of
Endosulfan Residues from Seawater and Sediment under Laboratory
Conditions. Pestic. Manag. Sci. 2000, No. 56, 849−854.
(22) Dorough, H. W.; Huhtanen, K.; Marshall, T. C.; Bryant, H. E.
Fate of Endosulfan in Rats and Toxicological Considerations of Apolar
Metabolites. Pestic. Biochem. Physiol. 1978, 8, 241−252.
(23) U.S. EPA. RED (Re-registration Eligibility Decision), document:
endosulfan updated risk assessments, notice of availability, and
solicitation of usage information. Federal Register U.S. Environmental
Protection Agency; 2007, 64624-6; Docket: EPA-HQ-OPP-2002-
0262.
(24) Science Subgroup. South Florida ecosystem restoration:
scientific information needs. A Science Subgroup Report to the
Working Group of the South Florida Ecosystem Restoration Task
Force, Miami, FL, 1996; 487 pp.
(25) Porter, J. W.; Meier, O. W. Quantification of Loss and Change
in Floridian Reef Coral Populations. Am. Zool. 1992, 32, 625−640.
(26) Thayer, G.; Powell, A.; Hoss, D. Composition of Larval,
Juvenile, and Small Adult Fishes Relative to Changes in Environmental
Conditions in Florida Bay. Estuaries 1999, 22, 518−533.
(27) Frederick, P. C.; Gawlik, D. E.; Ogden, J. C.; Cook, M. I.; Lusk.,
M. The White Ibis and Wood Stork as Indicators for Restoration of
the Everglades Ecosystem. Ecol. Indicators 2009, 9 (6), S83−S95.
(28) SFWMD and U.S. Army Corps of Engineers. Central and
Southern Florida Project, Comprehensive Everglades Restoration Plan,
2002; 126 pp.
(29) Pfeuffer, R. J. South Florida Water Management District
Ambient Pesticide Monitoring Network: 1992 to 2007. Environ. Monit.
Assess. 2011, No. 182, 485−508.
(30) Pfeuffer, R. J. Pesticide Residue Monitoring in Sediment and
Surface Water Within the South Florida Water Management District;
Technical Publication 85-2; South Florida Water Management
District, West Palm Beach, FL, 1985.
(31) Pfeuffer, R. J. Pesticide Residue Monitoring in Sediment and
Surface Water Within the South Florida Water Management District;
Technical Publication 91-01; South Florida Water Management
District, West Palm Beach, FL, 1991; Vol. 2.
(32) Miles, C.; Pfeuffer, R. Pesticides in Canals of South Florida.
Arch. Environ. Contam. Toxicol. 1997, 32, 337−345.
(33) Pfeuffer, R.; Rand, G. South Florida Ambient Pesticide
Monitoring Program. Ecotoxicology 2004, 13, 195−205.
(34) Scott, G. I.; Fulton, M. H.; Daugomah, J.; Strozier, E. D.; Key, P.
B.; Pennington, P. L.; Thompson, B. C.; Wirth, E. F.; Thayer, G.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403140z | J. Agric. Food Chem. 2013, 61, 11881−1189211890



Monitoring of Pesticides in Surface Waters of Florida Bay and
Adjacent Agricultural Watersheds: Implications for Future Manage-
ment of Freshwater Inputs to Florida Bay; U.S. National Marine
Fisheries Service, Charleston, SC, 1994.
(35) Fulton, M. H.; Scott, G. I.; DeLorenzo, M. E.; Key, P. B.;
Bearden, D. W.; Strozier, E. D.; Madden, C. J. Surface Water Pesticide
Movement from the Dade County Agricultural Area to the Everglades
and Florida Bay via the C-111 Canal. Bull. Environ. Contam. Toxicol.
2004, 73, 527−534.
(36) Goodman, L. R.; Lewis, M. A.; Macauley, J. M.; Smith, R., Jr.;
Moore, J. C. Preliminary Survey of Chemical Contaminants in Water,
Sediments and Aquatic Biota of Selected Sites in Northern Florida Bay
and Canal C-111. Gulf Mexico Sci. 1999, 1, 1−16.
(37) Harman-Fetcho, J. A.; Hapeman, C. J.; McConnell, L. L.; Potter,
T. L.; Rice, C. P.; Sadeghi, A. M.; Smith, R. D.; Bialek, K.; Sefton, K.
A.; Schaffer, B. A.; Curry, R. Pesticide Occurrence in Selected South
Florida Canals and Biscayne Bay during High Agricultural Activity. J.
Agric. Food Chem. 2005, 53, 6040−6048.
(38) U.S. EPA. Ambient water quality criteria for endosulfan; EPA
440/5-80-046; U.S. Environmental Protection Agency, Office of
Water, Washington, DC, 1980.
(39) Carriger, J. F.; Rand, G. M. Aquatic Risk Assessment of
Pesticides in Surface Waters in and Adjacent to the Everglades and
Biscayne National Parks: I. Hazard Assessment and Problem
Formulation. Ecotoxicology 2008, 17, 660−679.
(40) Carriger, J. F.; Rand, G. M.; Gardinali, P. R.; Perry, W. B.;
Tompkins, M. S.; Fernandez, A. M. Pesticides of Potential Ecological
Concern in Sediment from South Florida Canals: An Ecological Risk
Prioritization for Aquatic Arthropods. Soil Sediment Contam. 2006, 15,
21−45.
(41) U.S. EPA. Method 8081 B. Organochlorine Pesticides by Gas
Chromatography, revision 2; U.S. Environmental Protection Agency,
Washington, DC, 2007; available at http://www.epa.gov/epaoswer/
hazwaste/test/pdfs/8081b.pdf, p 50 (accessed Dec 2011).
(42) Scott, G.; Fulton, M.; Kucklick, J.; Strozier, E.; Pennington, P.;
DeLorenzo, M.; Key, P.; Daugomah, J.; Chung, K.; Wirth, E.;
Macauley, J.; Goodman, L.; Thayer, G.; LaCroix, M.; Chandler, G.
Ecotoxicological Risk Assessment Models of Urban and Agricultural
Nonpoint Source Pesticide Runoff Impacts on Living Marine resources
of Florida Bay. In Proceedings of 19th Annual Conference of the Society of
Toxicology and Chemistry; SETAC Symposium on Environmental Effects
on South Florida Ecosystems; SETAC Press: Pensacola, FL, 1998;
Abstract 465.
(43) Downing, H. F.; Delorenzo, M. E.; Fulton, M. H.; Scott, G. I.;
Madden, C. J.; Kucklick, J. R. Effects of the Agricultural Pesticides
Atrazine, Chlorothalonil, and Endosulfan on South Florida Microbial
Assemblages. Ecotoxicology 2003, 13 (3), 245−260.
(44) Singh, K. P.; Malik, A.; Sinha, S. Persistent Organochlorine
Pesticide Residues in Soil and Surface Water of Northern Indo-
Gangetic Alluvial Plains. Environ. Monit. Assess. 2007, 125, 147−155.
(45) Pfeuffer, R.; Matson, F. Pesticide Surface Water and Sediment
Quality Report: November 2002 − October 2003 Sampling Event;
South Florida Water Management District, West Palm Beach, FL,
2003.
(46) DBYHYDRO, 2008. South Florida Water Management District
Database, 2008; http://www.sfwmd.gov/portal/page/portal/
xweb%20environmental%20monitoring/dbhydro%20application (ac-
cessed June 2011).
(47) Frank, R.; Braun, H. E.; Holdrinet, M. V. H.; Sirons, G. J.;
Ripley, B. D. Agriculture and Water Quality in the Canadian Great
Lakes Basin. V. Pesticide Use in 11 Agricultural Watersheds and
Presence in Stream Water, 1975−1977. J. Environ. Qual. 1982, 11,
497−505.
(48) Malik, A.; Ojha, P.; Singh, K. P. Levels and Distribution of
Persistent Organochlorine Pesticide Residues in Water and Sediments
of Gomti River (India)a Tributary of the Ganges River. Environ.
Monit. Assess. 2009, 148, 421−435.

(49) Ezemonye, L. I.; Ikpesu, T. O.; Tongo, I. Distribution of
Endosulfan in Water, Sediment and Fish from Warri River, Niger
Delta, Nigeria. Afr. J. Ecol. 2009, 48, 248−254.
(50) Scott, G. I.; Fulton, M. H.; Crosby, M. C.; Key, P. B.;
Daugomah, J. W.; Waldren, J. T.; Strozier, E. D.; Louden, C. J.;
Chandler, G. T.; Bidleman, T. F. Jackson, K. L.; Hampton, T. W.;
Huffman, T.; Shulz, A.; Bradford, M. Agricultural insecticide runoff
effects on estuarine organisms: correlating laboratory and field toxicity
tests, ecophysiology bioassays and ecotoxicological biomonitoring;
final report submitted to U.S. EPA, Gulf Breeze Research Laboratory,
1990; 314 pp.
(51) Leonard, A. W.; Hyne, R. V.; Lim, R. P.; Leigh, K. A.; Le, J.;
Beckett, R. Fate and Toxicity of Endosulfan in Namoi River Water and
Bottom Sediment. J. Environ. Qual. 2001, 30, 750−759.
(52) Johnson, W. E.; O’Connor, T. P.; Cantillo, A. Y.; Lauenstein, G.
G. Spatial Distribution of Chlorpyrifos and Endosulfan in USA Coastal
Water and the Great lakes; NOAA Technical Memorandum NOS
NCCOS CMMA 140; 1999.
(53) CCMA. Center for Coastal Monitoring and Assessment, 2008;
http://www8.nos.noaa.gov /cit/nsandt/download/mw_monitoring.
aspx (accessed May 2011)
(54) Rand, G. M.; Carriger, J. F.; Gardinali, P. R.; Castro, J.
Endosulfan and Its Metabolite, Endosulfan Sulfate, in Freshwater
Ecosystems of South Florida: A Probabilistic Aquatic Ecological Risk
Assessment. Ecotoxicology 2010, 19, 879−900.
(55) Wan, M. T.; Kuo, J. N.; Buday, C.; Schroeder, G.; Van Aggelen,
G.; Pasternak, J. Toxicity of α-, β-, (α + β)-Endosulfan and Their
Formulated and Degradation Products to Daphnia magna, Hyalella
azteca, Oncorhynchus mykiss, Oncorhynchus kisutch, and biological
implications in streams. Environ. Toxicol. Chem. 2005, 24, 1146−1154.
(56) Carriger, J. F.; Hoang, T. C.; Rand, G. M. Survival Time
Analysis of Least Killifish (Heterandria formosa) and Mosquitofish
(Gambusia af f inis) in Acute Exposures to Endosulfan Sulfate. Arch.
Environ. Contam. Toxicol. 2010, 58 (4), 1015−1022.
(57) Hansen, D. J.; Cripe, G. M. Interlaboratory Comparison of the
early life-stage toxicity test using sheepshead minnows (Cyprinodon
variegatus). In Aquatic Toxicology and Risk Assessment; Mayes, M. A.,
Barron, M. G., Eds.; ASTM STP 1124; ASTM: Philadelphia, PA, 1991;
Vol. 14, pp 354−375.
(58) McCarty, L. S. The Relationship between Aquatic Toxicity
QSARs and Bioconcentration for Some Organic Chemicals. Environ.
Toxicol. Chem. 1986, 5, 1071−1080.
(59) Schimmel, S. C.; Patrick, A. M., Jr.; Wilson, A. J., Jr. Acute
Toxicity to and Bioconcentration of Endosulfan by Estuarine Animals.
In Aquatic Toxicology and Hazard Evaluation, 1st Symposium; Mayer, F.
L., Hamelink, J. L., Eds.; ASTM STP 634; ASTM: Philadelphia, PA,
1977; pp 241−252.
(60) DeLorenzo, M. E.; Taylor, L. A.; Lund, S. A.; Pennington, P. L.;
Strozier, E. D.; Fulton, M. H. Toxicity and Bioaccumulation Potential
of the Agricultural Pesticide Endosulfan in Phytoplankton and
Zooplankton. Arch. Environ. Chem. Toxicol. 2002, 42, 173−181.
(61) Peterson, S. M.; Batley, G. E. The Fate of Endosulfan in Aquatic
Ecosystems. Environ. Pollut. 1993, 82, 143−152.
(62) Hapeman, C. J.; McConnell, L. L.; Potter, T. L.; Harman-
Fetcho, J.; Schmidt, W. F.; Rice, C. P.; Schaffer, B. A.; Curry, R.
Endosulfan in the Atmosphere of South Florida: Transport to
Everglades and Biscayne National Parks. Atmos. Environ. 2013, 66,
131−140.
(63) Rice, C. P.; Chernyak, S. M.; McConnell, L. L. Henry’s Law
Constants for Pesticides Measured as a Function of Temperature and
Salinity. J. Agric. Food. Chem. 1997, 45, 2291−2295.
(64) Rice, C. P.; Nochetto, C. B.; Zara, P. Volatilization of Trifluralin,
Atrazine, Metolachlor, Chlorpyrifos, α-Endosulfan, and β-Endosulfan
from Freshly Tilled soil. J. Agric. Food. Chem. 2002, 50, 4009−4017.
(65) Potter, T. L.; Hapeman, C. J.; McConnell, L. L.; Harman-
Fetcho, J.; Schmidt, W. F.; Rice, C. P.; Schaffer, B. Endosulfan Wet
Deposition in Southern Florida (USA). Sci. Total Environ. 2014, 468−
469, 505−513.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403140z | J. Agric. Food Chem. 2013, 61, 11881−1189211891



(66) Schmidt, W. F.; Bilboulian, S.; Rice, C. P.; Fettinger, J. C.;
McConnell, L. L.; Hapeman, C. J. Thermodynamic, Spectroscopic, and
Computational Evidence for the Irreversible Conversion of β to α-
endosulfan. J. Agric. Food Chem. 2001, 49, 5372−5376.
(67) Stern, G.; Ikonomou, M. G. Temporal trends of organochlorine
contaminants in SE Baffin (Pangnirtung) beluga, 1982−2002.
Synopsis of Research conducted under the 2001−2003 Northern
Contaminants Program; Ottawa, ON, Indian and Northern Affairs
Canada, 2003; pp 358−361.
(68) Stern, G. A.; Macdonald, C. R.; Armstrong, D.; Dunn, B.; Fuchs,
C.; Harwood, L.; Muir, D. C. G.; Rosenberg, B. Spatial Trends and
Factors Affecting Variation of Organochlorine Contaminants Levels in
Canadian Arctic Beluga (Delphinapterus leucas). Sci. Total Environ.
2005, 351, 344−368.
(69) Landers, D. H.; Simonich, S.; Jaffe, D.; Geiser, L.; Campbell, D.
H.; Schwindt, A.; Schreck, C.; Kent, M.; Hafner, W.; Taylor, H. E.;
Hageman, K.; Usenko, S.; Ackerman, L.; Schrlau, J.; Rose, N.; Blett, T.;
Erway, M. M. The Fate, Transport, and Ecological Impacts of Airborne
Contaminants in Western National Parks (USA); Susan, C., Ed.; EPA/
600/R-07/183, U.S. EPA, 2008; 275 pp, http://www.epa.gov/nheerl/
wacap.
(70) Zhou, M. F.; Li, Y. C.; Nkedi-Kizza, P.; O’Hairothers, S. K.
Endosulfan Losses Through Runoff and Leaching from Calcareous
Gravelly or Marl Soils. Vadose Zone J. 2003, 2, 231−238.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403140z | J. Agric. Food Chem. 2013, 61, 11881−1189211892


