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Abstract An aquatic risk assessment under the U.S.

Environment Protection Agency (EPA) ecological risk

framework was conducted for atrazine, metolachlor, mal-

athion, chlorpyrifos, and endosulfan in the C-111

freshwater basin (eastern boundary of the Everglades

National Park), northeast Florida Bay, and south Biscayne

Bay in South Florida. Based on the use of the hazard

quotient approach, measured concentrations of chlorpyrifos

and endosulfan in surface waters suggest potential hazards

to aquatic organisms and were, therefore, considered as

chemicals of potential ecological concern (COPECs). The

problem formulation included an overview of the physical/

chemical and environmental fate characteristics and aqua-

tic toxicology of the COPECs. Background surface water

exposure concentrations of endosulfan and toxicity data

from laboratory and field studies indicate that fish and

invertebrate mortality may be a concern when endosulfan

is applied in agricultural areas near aquatic ecosystems.
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Introduction

In 1996, the Department of the Interior (DOI) prepared a

report entitled ‘‘A Comprehensive Plan for the Restoration of

the Everglades,’’comprising four main elements: (1) federal

legislative authority for restoration activities; (2) accelerated

state and federal land acquisition; (3) increased scien-

tific research to guide restoration; and (4) federal, state,

and private sector cost sharing (http://www.sfrestore.org/tf/

otherres/comp.html). In 2000, Congress passed the Com-

prehensive Everglades Restoration Plan (CERP) as a part of

the Water Resources Development Act (1996). The goal of

the CERP is to restore and preserve the hydrology of the pre-

drainage Everglades ecosystem, to protect the quality of the

remaining habitat, to promote the return of populations of

plants and animals, and to foster human development com-

patible with sustaining a healthy ecosystem.

Biological changes in the Everglades have been linked

to levels of phosphorus and mercury and to changes in the

complex hydrological patterns of the natural system

resulting from water management projects to control floods

and water distribution (Science Subgroup 1996). In fact,

alterations in the hydrologic system are thought to be the

main cause of dramatic declines of fish and wildlife pop-

ulations because of habitat changes. Therefore, the basic

premise behind all restoration activities identified by the

Interagency Restoration Task Force for South Florida is

that hydrologic restoration is a prerequisite to achieve

ecosystem restoration and a sustainable South Florida

Ecosystem. The restoration plan was, thus, formulated to

reconstruct some key features of the natural hydrologic

system in order to restore conditions that support landscape

patterns, biodiversity, wildlife abundance, and clean and

abundant water. In the past, little consideration, however,

was given in the restoration effort to the role that organic
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pesticides and other contaminants play in the structure

and function of ecosystems, although this was clearly

recommended by the Science Subgroup (1996) in all

physiographic regions that comprise South Florida. This

was further supported at a workshop entitled ‘‘Linking

Ecotoxicity and Risk Management to Sustainable Resto-

ration of South Florida Ecosystems,’’ which recommended

screening-level ecological risk assessments with retro-

spective and prospective diagnostic studies (LaPoint et al.

1998).

It is evident that water quantity rather than water quality

issues have dominated the South Florida restoration plan-

ning (Scott et al. 2002). However, it is also evident that

agriculture represents a major land use in South Florida

and pesticide use presents a potential risk, especially to

aquatic organisms. Based on a hazard ranking of pesticides

by the National Oceanic and Atmospheric Administration

(NOAA), the top three estuarine drainage areas at risk in

the U.S. were in Florida-Rookery Bay, Biscayne Bay, and

Tampa Bay (Pait et al. 1992). The subtropical climate, long

crop-growing season, application frequency, and multitude

of uses (e.g., mosquito and termite control, golf courses,

and landscape management) renders pesticides particularly

hazardous in South Florida ecosystems.

The Canal 111 (Aerojet Canal or C-111) freshwater

basin (Fig. 1) is a buffer zone that separates the wetlands of

the Everglades National Park (ENP) from highly produc-

tive subtropical agricultural lands and urban development

to the east, and while considerable attention and resources

have been allocated to altering the hydrology of this

landscape, little effort has focused on understanding water

quality issues that may arise from land use practices. Thus

far, analytical monitoring programs have detected the

presence of organic pesticides in the surface water of either

the lower C-111 freshwater canal basin and/or its confluent

estuaries/saltwater systems. For example, the South Florida

Water Management District (SFWMD) began monitoring

pesticides in the water and sediment of South Florida

canals in the mid-1980s (Pfeuffer 1985, 1991). Sediment

and water analyses by SFWMD indicates that atrazine,

ametryn, bromacil, simazine, diuron, alpha (a)-endosulfan,

beta (b)-endosulfan, endosulfan sulfate, ethion, hexazi-

none, and norflurazon were the most frequently detected

pesticides in surface water and DDE, DDD, ametryn,

atrazine, dicofol, diquat, and endosulfan sulfate were the

most frequently detected pesticides in sediment samples

between 1991 and 1995 (Miles and Pfeuffer 1997). Several

of the sampling sites were located in the Everglades

Agricultural Area (EAA) and others in the Homestead

Agricultural Area (HAA) adjacent to the Everglades

National Park. Detectable endosulfan residues (a and b
isomers, and sulfate metabolite) in the C-111 (at S-178)

were consistently present in the surface water from 1991 to

1995, and occasionally exceeded the Florida Department of

Environmental Protection (FDEP) and U.S. Environment

Protection Agency (EPA) water quality criteria (Miles and

Pfeuffer 1997). Surface water samples collected indepen-

dently by the NOAA from the southern SFWMD sampling

sites confirmed these findings (Scott et al. 1994). Residues

of endosulfan sulfate were also consistently found by the

SFWMD in sediment samples at S-178 in the C-111, while

the a and b isomers were occasionally found. All three

endosulfan residues were also found in sediment samples

from structures S-177 and S-18C in the C-111. The

SFWMD summarized endosulfan sulfate residues in S-178

water and found that the FDEP water quality criteria were

exceeded 11 times from 1996 to 2000 (two samples were

from NOAA; R. Pfeuffer, personal communication). In a

SFWMD monitoring program of South Florida canals from

1992 to 2001, the most common pesticides in surface water

were the herbicides atrazine and ametryn, while DDE and

DDD were the most frequently detected pesticides in sed-

iment samples (Pfeuffer and Rand 2004). The U.S.EPA, in

1995, also monitored contaminants in surface water, sedi-

ment, and biota in the C-111 and creeks of northeast

Florida Bay (Goodman et al. 1999). Endosulfan residues

were detected in sediments of the C-111, and in sediments

of Shell and Trout Creeks (in northeast Florida Bay).

Organochlorine contaminants occurred at low concentra-

tions in sediments of canals and creeks, and PCBs and

PAHs were also at low concentrations but higher in the

C-111 than in creeks. At most sampling sites for water and

sediment, more than one pesticide was detected in each

sample.

The NOAA conducted sediment toxicity tests and a

contaminant monitoring study of the C-111 and Florida

Bay from 1993 to 1997, but it did not evaluate cause

(exposure)–effect (toxicity) relationships for contaminants

(Scott et al. 2002). It did however; indicate the presence of

low levels of endosulfan (total), atrazine, chlorpyrifos, and

chlorothalonil in surface waters of canals adjacent to

agricultural areas that drain into the C-111 and in northeast

Florida Bay waters. Florida Bay waters occasionally

exceeded the U.S.EPA marine water quality criterion

(WQC) for endosulfan. Waters from canal sites also con-

tained detectable concentrations of endosulfan that

sporadically exceeded U.S.EPA fresh WQC. Detectable

endosulfan (total) residues were also found in sediment and

oysters, while chlorpyrifos was detected in fish tissue.

Toxicity tests with in-place sediment and copepods and

bivalves indicated potential adverse effects, but the caus-

ative agent(s) was not determined. The highest concen-

tration of endosulfan (total) reached 477 ng/l, and 10% of

the samples from canal sites exceeded the U.S.EPA chronic

freshwater WQC (56 ng/l) (47% of the canal sites had

detectable levels of endosulfan). The U.S.EPA chronic

Hazard assessment and problem formulation 661

123



marine WQC (8.7 ng/l) for endosulfan was exceeded at 2%

of the sites in Florida Bay, while 39% of bay sites had

detectable endosulfan concentrations. The highest per-

centage (40%) of water quality violations for endosulfan,

based on U.S.EPA standards, was detected in samples from

S-178. The NOAA, in 1999–2000, also found that endo-

sulfan concentrations were highest (mean dry season

concentration *300 ng/l) in the C-111E (Fulton et al.

2004).

Data from the NOAA’s National Status and Trends

(NS&T) Program Mussel Watch Project further indicated

that the mean annual concentrations of endosulfan (II,

b-isomer) residue in tissues (oysters) sampled from Joe Bay

(in northeast Florida Bay) were higher than the NS&T 85th

percentile (i.e., it is in the highest 15% of the data set, with

over 280 sites nationwide) (Cantillo et al. 1999). Recently,

Harman-Fetcho et al. (2005) found that atrazine, metola-

chlor, chlorothalonil, chlorpyrifos, and total endosulfan

(a- + b- + endosulfan sulfate) were the most frequently

detected pesticides in water samples from South Florida

canals based on a 2-year study from 2002 to 2004. Atrazine

had the highest concentration (108 ng/l), followed by

endosulfan (total; 98 ng/l), metolachlor (86 ng/l), chlor-

pyrifos (58 ng/l), and chlorothalonil (14 ng/l). In addition,

Carriger et al. (2006) identified DDT, DDD, DDE, chlor-

dane, and endosulfan (total) as chemicals of potential

ecological concern (COPECs) in the sediment of South

Florida canals based on the exceedence of sediment quality

criteria in a two-tier sediment probabilistic risk assessment.

Endosulfan had the highest potential risk (chronic) to

arthropods at S-178 on the C-111 system.

To address the concerns about pesticides in the C-111

basin, the National Park Service (U.S. DOI) requested that an

aquatic probabilistic screening level ecological risk assess-

ment (SERA) be conducted. It focuses on the risk of adverse

effects from pesticide exposures in surface water on aquatic

organisms in a freshwater canal (C-111 system) and its

confluent estuarine/saltwater systems (northeast Florida

Fig. 1 Land use and drainage canals in the C-111 flood control basin in southeast Florida
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Bay–Joe Bay, Long Sound, Highway Creek; Card Sound in

South Biscayne Bay). To date, this is the only site-specific

SERA conducted as part of the Everglades restoration effort,

and it is being ‘‘exposure-driven’’ (Suter 1993). Presently,

there is little evidence that documented pesticide exposures

in surface water are eliciting adverse biological effects in

aquatic receptors in these systems or on their potential risk.

This SERA applied the ecological risk assessment (ERA)

framework under the current U.S.EPA guidelines (U.S.EPA

1998) and it addresses the likelihood and ecological signif-

icance of the potential effects of surface water exposures to

the herbicides atrazine and metolachlor, and the insecticides

malathion, chlorpyrifos, and endosulfan obtained from

monitoring programs from the U.S. Geological Survey

(USGS), the SFWMD, and the NOAA. These pesticides

were detected by the various monitoring programs with the

highest frequency in the C-111 system and northeast Florida

Bay and south Biscayne Bay. There have been chemical-

specific aquatic ecological risk assessments conducted thus

far on atrazine (Solomon et al. 1996; Giddings et al. 2000),

chlorpyrifos (Giesy et al. 1999; Hall and Anderson 2003),

and endosulfan (U.S.EPA 2002a, 2007).

This SERA was intended to assess the potential risk of

these pesticides in surface water, and not to determine the

actual causes of any declines in the populations of native

invertebrates, fish, or plants that may be prevalent in the

above ecosystems. Since each pesticide is not used in iso-

lation to control pests and may co-occur; potential risks

associated with the effects of joint actions of these pesticides

were also considered. Assessment of the potential impact of

the five pesticides on aquatic communities acknowledges

that sea level rise, hurricanes, development, historical water

management activities, and salinity changes may have

altered habitats and affected populations. Furthermore, other

chemical, non-chemical stressors in water and/or sediment

are not being considered and may likely also contribute to

adverse impacts in the study areas. Because the SERA con-

tained a large database, the results are presented in two

papers. This paper discusses the general ecological risk

assessment methods and the results of Tier 1—hazard

assessment and problem formulation for the pesticides in the

C-111 system and northeast Florida Bay and south Biscayne

Bay. The subsequent paper discusses the methods and results

of Tier 2—probabilistic analyses of the chemicals (i.e.,

pesticides) of potential ecological concern (COPECs) in the

C-111, northeast Florida Bay, and south Biscayne Bay.

Study area description

The C-111 basin (100 square miles) is located in southeastern

Dade County, Florida, adjacent to the eastern boundary of the

Everglades National Park (ENP) (Fig. 1). It includes lands

that lie to the southeast boundary of the East Everglades and

west of the coastal basins and includes the Frog Pond (i.e.,

agricultural area). It, thus, drains the agricultural areas of

South Dade County. South of Homestead, the C-111 is joined

by the C-111E and it then moves south and southeastward to

cross marl marsh, which flows into Manatee Bay at the head of

Barnes Sound, a semi-enclosed lagoonal estuary of south

Biscayne Bay. Surface water runoff from the C-111 basin

represents an important source of freshwater flow into the

ENP and the estuarine ecosystems of northeast Florida Bay

through Taylor Slough and south Biscayne Bay through the

S-197 (in C-111) into Manatee Bay. Low tidal range and long

flushing times make Manatee Bay particularly vulnerable to

the effects of large freshwater inflows. Such pulses of fresh-

water persist for long periods of time and move within and

between the shallow estuaries that make up South Biscayne

Bay and its associated sounds (Fatt and Wang 1987). Unfor-

tunately, low tidal range and long flushing times also make

Manatee Bay and Barnes Sound vulnerable to hyper-saline

conditions during periods of reduced freshwater flow. During

the dry season, saltwater moves inland and the Western shore

of south Biscayne Bay frequently experiences high salinities

(Wang et al. 1978). Northeast Florida Bay includes the

downstream freshwater marshes and estuarine systems that

extend from the southern edge of Barnes Sound on the east to

Madeira Bay on the west, and include Little Madeira Bay, Joe

Bay, Highway Creek, and Long Sound.

Florida Bay is a triangular-shaped estuary composed of

basins, banks, and islands that lie between the southern tip of

the Florida mainland and the Florida Keys. It has a shallow

depth (mean 1 m) that is perfect for light penetration and the

sustainability of seagrass beds, which are a dominant habitat

and a source of productivity in the Bay. The salinity of the

Bay can rise to twice that of seawater as a result of the long

residence time and shallow depth (McIvor et al. 1997). The

sediments of the Bay are composed of carbonate mud, which

sorb inorganic phosphorus from water (de Kanel and Morse

1978). The Bay was healthy until the mid-1980s, when cat-

ches of pink shrimp (Penaeus duorarum) declined (Browder

et al. 1999) and the mass mortality of turtle grass (Thalassia

testudinum) began (Robblee et al. 1991). By the 1990s, the

Bay ecosystem appeared to shift from a clear water system

dominated by benthic primary production to a turbid system

dominated by algal blooms and resuspended sediment.

Although there has been no dramatic decrease in total fish

abundance, there has been a shift in species composition as a

result of seagrass habitat loss and algal blooms (Davis and

Ogden 1997). Fish that consume algae, such as the bay

anchovy, are increasing.

When large volumes of freshwater are discharged from

the C-111 canal, this water tends to move into coastal

waters and estuaries that can create local problems due to

the transfer of freshwater, contaminants, and suspended
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materials from urban and agricultural land. Freshwater

inflow from the C-111 and surface runoff further transports

nutrients and detritus from adjacent marshes and uplands

into south Biscayne Bay and northeast Florida Bay. Sam-

pling sites for water monitoring programs in the C-111,

Florida Bay, and Biscayne Bay are labeled in Fig. 1. The

Miami River is an additional source of contaminants into

Biscayne Bay (Long et al. 2002).

In the 1960s, the C-111 area was channelized as part of the

comprehensive Central and Southern Florida (C&SF) Flood

Control Project. At that time, this area was envisioned as urban

development, but by the 1980s, it was clear that the C-111

drainage system, which had undergone several revisions, had

significantly contributed to a decline in the natural resources

of the ENP. The current revision of the system, authorized in

1996, promises to restore some of the natural hydropatterns to

Taylor Slough, the eastern panhandle areas of the ENP, and

improve estuarine conditions in Florida Bay (project

description can be found at http://www.saj.usace.army.mil/

dp/mwdenp-c111/index.htm).

Methods

The SERA consisted of the first three phases of the U.S.EPA

ERA framework (U.S.EPA 1998): problem formulation,

analysis, and risk characterization. Problem formulation

defined the problem and the plan for analyzing and charac-

terizing the risk. Data on stressor characteristics, ecosystems

at risk, ecological effects, ecosystem(s), and receptor(s)

characteristics were synthesized for this phase. From this

data, assessment (i.e., what we are trying to protect) and

measurement (i.e., tools used to measure effects on assess-

ment endpoints) and a conceptual model were developed to

prepare the analysis plan (i.e., where risk hypotheses were

evaluated). The conceptual model at the completion of

problem formulation uses information on the ecosystems at

risk, stressor characteristics, biological effects, and the

relationship between endpoints to define exposure and

effects scenarios. The objective of the conceptual model is to

formulate hypotheses to determine how the pesticide

stressors may affect ecosystems that are exposed.

The second phase of the SERA was risk analysis and it

characterized and examined two major components of risk;

exposure and effects. Risk characterization was the final

phase. This provided potential risk estimates to the eco-

logical entities listed as assessment endpoints based on the

occurrence and magnitude of exposures and the severity of

adverse effects resulting from such exposures. Analyses

(exposure and effects characterization) and risk character-

ization are discussed in the follow-up paper.

A tiered ecological risk characterization approach was

suggested by the ARAMDG (SETAC 1994) and endorsed

by the U.S.EPA (ECOFRAM 1999) that uses a stepwise

approach progressing from the simple Tier 1 hazard quo-

tient (HQ) approach to a more complex Tier 2 probabilistic

risk assessment (PRA). A two-tier approach was used in

the SERA.

In Tier 1, the HQ approach was first used with a

screening benchmark, followed by problem formulation.

Screening benchmarks are concentrations of chemicals that

are believed to constitute thresholds for the potential toxic

effects of some ecological receptor exposed to a chemical

in some medium (Suter and Tsao 1996). The U.S.EPA

Water Quality Criteria (WQC) and Sediment Quality Cri-

teria (SQC) are commonly used as screening benchmarks

because the exceedence of one of these values constitutes

cause for concern. In the SERA, actual measured envi-

ronmental concentrations (AECs) of the pesticides in

surface waters were compared to the U.S.EPA WQC values

that were available (i.e., endosulfan, chlorpyrifos, mala-

thion, and atrazine) to obtain an HQ. No WQC were

available for metolachlor. Therefore, the AECs of met-

olachlor were compared to the response concentration for

the most sensitive species in a toxicity test (i.e., from the

lowest LC50/EC50, lowest NOEC from chronic tests) to

obtain an HQ.

AECs in surface waters were obtained from monitoring

programs from state (SFWMD) and federal (NOAA,

USGS) agencies for 1999–2000. Site numbers and the

location of sampling sites where pesticide concentrations

(atrazine, chlorpyrifos, endosulfan, malathion, and met-

olachlor) were measured with land use characteristics are

shown in Fig. 1. The SFWMD did not measure for chlor-

pyrifos, the NOAA did not measure for malathion, and the

USGS did not measure for endosulfan. Monitoring data

were available for 11 freshwater sites (S-175, S-176,

S-332, Site A, S-177/site B, S-178/site C, S-18C/site E,

Site W1, Site W2, Site E1, and Site E2) on or near the

C-111 and three estuarine sites (Joe Bay and Highway

Creek in northeast Florida Bay and Card Sound in south

Biscayne Bay). Sites in W1, W2, E1, E2, Highway Creek,

and Joe Bay were located in the Everglades panhandle.

When the quotient of the exposure concentration to the

criteria value (or lowest acute toxicity value for metola-

chlor) was greater than 1, an adverse effect (i.e., high

hazard) was expected to occur. For endosulfan, there are

separate freshwater and saltwater criteria for a- and

b-endosulfan, but no criterion exists for endosulfan sulfate,

a toxic oxidation metabolite. Since the endosulfan WQC

was generated from aquatic toxicity studies with technical-

grade endosulfan, each criterion is applicable to the sum-

mation of the a- and b-isomers (U.S.EPA 2002b). We

were, therefore, conservative in Tier 1 and compared total

endosulfan concentrations (i.e., summation of concentra-

tions of a and b isomers plus the endosulfan sulfate

664 J. F. Carriger, G. M. Rand

123

http://www.saj.usace.army.mil/dp/mwdenp-c111/index.htm
http://www.saj.usace.army.mil/dp/mwdenp-c111/index.htm


metabolite) to the criterion to obtain an HQ. HQ excee-

dences in Tier 1 were then used to focus on COPECs for

problem formulation and Tier 2. Tier 2, probabilistic

risk assessment, characterizes risk by comparing the

probability distributions of surface water exposure con-

centrations with the probability distributions of species

response data from laboratory toxicity studies. Results for

Tier 1—hazard assessment and problem formulation are

discussed below.

Results and discussion

Tier 1—hazard assessment

Sample sites, number of samples collected, and the fre-

quency of detection for each pesticide in freshwater and

estuarine sites are presented in Table 1 for the two-year

period (1999–2000). Sites with exceedences of WQC for

each pesticide are listed in Table 2. The herbicide atrazine

was the most frequently detected pesticide. It was detected

in 92% of the 185 freshwater samples in 1999 and 100% of

the 106 samples taken in 2000. The highest detected con-

centration of atrazine in freshwater was 0.337 lg/l (at

S-18C/site E). It was detected in 88% of the 24 estuarine

samples in 1999 and 81% of the 26 samples taken in 2000.

The highest detected concentration of atrazine in saltwater

was 0.104 lg/l (at Joe Bay). Concentrations of atrazine did

not exceed freshwater or marine WQC. Acute and chronic

HQs were low and indicated no ecological hazard to fresh-

or salt-water organisms.

The other herbicide measured, metolachlor, was only

detected in 28% of the 185 freshwater samples in 1999 and

26% of the 106 samples taken in 2000. It was not detected

in 24 estuarine samples in 1999 and was only detected in

12% of the 26 samples taken in 2000. The acute and

chronic HQs for metolachlor in freshwater and saltwater

were close to zero when the peak exposure concentrations

of the herbicide were compared with the lowest toxicity

values. The pesticide with the lowest number of detections

was malathion. Malathion was found about 4% of the time

at freshwater sites and 0% of the time at estuarine sites,

respectively, in 1999 and 2000. Atrazine, metolachlor, and

malathion were not COPECs and, therefore, were not

considered for Tier 2 single chemical probabilistic risk

assessments. However, they were considered as potential

co-joint (additive) stressors in Tier 2 when they were

present at detectable concentrations.

Chlorpyrifos was detected in 48% of the 89 freshwater

samples in 1999 and 85% of the 91 samples taken in 2000.

It was detected in 79% of the 24 estuarine samples in 1999

and 96% of the 26 samples taken in 2000. The two highest

concentrations for chlorpyrifos were found at S-177/site B

at 0.0234 and 0.0232 lg/l, which were nearly four times

higher than the next highest maximum concentration,

which was measured at W2, where it was found 86% of the

time. The maximum concentration value for chlorpyrifos

was found during the dry season in February 1999. The

only water quality violation for chlorpyrifos occurred in

Joe Bay in 1999. The acute and chronic HQs for freshwater

indicated no potential hazard, but the acute HQs for estu-

arine water indicated potential hazard. Although there was

only one WQC violation for chlorpyrifos, it was considered

as a COPEC because several AECs were just below WQC.

Endosulfan was detected in 45% of the 173 freshwater

samples in 1999 and 90% of the 93 samples taken in 2000.

It was detected in 96% of the 24 estuarine samples in 1999

and 96% of the 26 samples taken in 2000. Endosulfan

concentrations were detected infrequently at S-176 (1 out

of 32), S-332 (2 out of 32), and S-175 (0 out of 26). The

highest concentration of endosulfan was found at S-178/

site C in February 2000, followed by S-177/site B, where

concentrations peaked in the dry season of 1999 and 2000.

S-18C/site E had the third highest detected concentrations

for endosulfan, which occurred in February 1999 and 2000.

E1, W1, and W2, which are downstream of S-177/site B

and S-178/site C, had 100% detections for endosulfan.

Water quality violations for endosulfan were found in

freshwater and estuarine sites.

The majority of violations occurred at S-178/site C, a

site closest to the Frog Pond agricultural area. Out of 266

samples taken for analyses of endosulfan in the C-111

during 1999 and 2000, 7.5% violated freshwater WQC. Of

the 20 water quality violations at S-178/site C, eight did not

have detectable concentrations of a-endosulfan. However,

the highest concentration (1.345 lg/l) had the highest

percentage concentration of a-endosulfan and the lowest

percentage concentration of endosulfan sulfate. In general,

concentrations of b-endosulfan were also low. Except for

one sample, the majority of total endosulfan at S-178/site C

sample violations was made up of endosulfan sulfate (72–

100% of each sample). The fact that endosulfan sulfate is

the major metabolite of endosulfan in aquatic systems

supports other recent work (Laabs et al. 2007; Shivara-

maiah et al. 2005).

In estuarine sites, endosulfan water quality violations

were found at all three sites sampled and, out of 50 samples

taken at Highway Creek or Joe Bay, 20% violated saltwater

WQC for endosulfan. In these same sites, endosulfan sul-

fate made up 71–94% of the total endosulfan of samples

with water quality violations. The acute and chronic HQs

for total endosulfan in freshwater indicated potential haz-

ards and the acute HQ for estuarine water also indicated

potential hazards. Endosulfan generally had the highest

measured concentrations in freshwater and estuarine sites

at the end of the dry season for each year.
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Table 1 Pesticide monitoring data summary for sample sites in the C-111 Basin (1999–2000)

Site Pesticide Number of

samples

taken

Number of

detections

Frequency of

detection

(%)

Minimum

concentration

(lg/l)

Median

concentration

(lg/l)

Maximum

concentration

(lg/l)

Freshwater

S175 Atrazine 26 24 92.3 1.80E-02 3.60E-02 6.50E-02

Metolachlor 26 0 0 ND ND ND

Chlorpyrifos 0

Malathion 26 0 0 ND ND ND

Endosulfan 26 0 0 ND ND ND

S176 Atrazine 32 30 93.8 1.00E-02 4.10E-02 1.40E-01

Metolachlor 32 0 0 ND ND ND

Chlorpyrifos 0

Malathion 32 0 0 ND ND ND

Endosulfan 32 1 3.1 4.00E-03 ND 4.00E-03

S-177/Site

B

Atrazine 43 42 97.7 7.50E-03 2.10E-02 2.90E-01

Metolachlor 43 29 67.4 4.20E-03 6.30E-03 6.20E-02

Chlorpyrifos 36 14 38.9 2.10E-04 ND 2.30E-02

Malathion 32 6 18.8 3.20E-03 ND 8.40E-02

Endosulfan 19 13 68.4 5.90E-04 1.0E-03 4.30E-02

S-178/Site

C

Atrazine 30 30 100 7.60E-03 2.50E-02 8.50E-02

Metolachlor 30 12 40.0 4.90E-03 ND 1.90E-02

Chlorpyrifos 23 17 73.9 1.20E-04 3.10E-04 3.70E-03

Malathion 7 0 0 ND ND ND

Endosulfan 30 26 86.7 4.50E-03 4.70E-02 1.3E+00

S-18C/Site

E

Atrazine 32 32 100 1.00E-02 2.30E-02 3.40E-01

Metolachlor 32 11 34.4 4.80E-03 ND 2.10E-02

Chlorpyrifos 25 18 72.0 2.70E-04 4.70E-04 4.00E-03

Malathion 7 0 0 ND ND ND

Endosulfan 32 27 84.4 3.00E-04 1.30E-03 2.80E-02

S332 Atrazine 32 30 93.8 1.40E-02 3.30E-02 7.50E-02

Metolachlor 32 0 0 ND ND ND

Chlorpyrifos 0

Malathion 32 0 0 ND ND ND

Endosulfan 32 2 6.3 3.50E-03 ND 4.00E-03

Site A Atrazine 12 12 100 9.00E-03 2.60E-02 1.60E-01

Metolachlor 12 6 50.0 6.70E-03 3.40E-03 3.10E-02

Chlorpyrifos 12 8 66.7 2.00E-04 5.50E-04 6.80E-03

Malathion 0

Endosulfan 12 10 83.3 8.40E-05 8.40E-04 8.90E-03

Site E1 Atrazine 21 18 85.7 5.30E-03 1.20E-02 2.40E-02

Metolachlor 21 6 28.6 6.80E-03 ND 8.80E-03

Chlorpyrifos 21 16 76.2 1.90E-04 7.80E-04 8.20E-03

Malathion 0

Endosulfan 21 21 100 2.60E-04 1.90E-03 2.10E-02

Site E2 Atrazine 18 14 77.8 8.30E-03 1.10E-02 2.10E-02

Metolachlor 18 4 22.2 6.20E-03 ND 8.30E-03

Chlorpyrifos 18 12 66.7 2.80E-04 5.20E-04 9.10E-03

Malathion 0

Endosulfan 18 16 88.9 6.50E-04 1.10E-03 1.40E-02
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Table 2 Sites and seasons that water quality violations occurred for pesticides. The herbicide metolachlor was also detected but did not have

water quality criteria

Pesticide Water type CMC (lg/l) CCC (lg/l) Number of

exceedences

Dates of

exceedences

Sites

Atrazine FWa 1,511 10 0

SWb 759.5 16.83 0

Chlorpyrifos FW 0.083 0.041 0

SW 0.011 0.0056 1 Dry—1999 Joe Bay

Endosulfan (total) FW 0.11* 0.028* 20 Dry and wet—1999 and 2000 S-178, S-177, S-18c

SW 0.017* 0.00435* 10 Dry—2000 Joe Bay, Highway Creek

Malathion FW 0.1 2 Dry—1999 S-177

SW 0.1 Not measured

* For total endosulfan, the actual CMC (0.22 lg/l FW and 0.034 lg/l SW) and CCC (0.056 lg/l FW and 0.0087 lg/l SW) listed in the table

were divided by two to reflect changes to water quality calculations since endosulfan’s criteria was originally established (U.S.EPA 1985;

Buchmann 1999)
a FW=freshwater
b SW=saltwater

Table 1 continued

Site Pesticide Number of

samples

taken

Number of

detections

Frequency of

detection

(%)

Minimum

concentration

(lg/l)

Median

concentration

(lg/l)

Maximum

concentration

(lg/l)

Site W1 Atrazine 24 24 100 4.10E-03 1.50E-02 3.10E-01

Metolachlor 24 7 29.2 5.90E-03 ND 9.50E-03

Chlorpyrifos 24 17 70.8 2.50E-04 4.10E-04 6.40E-03

Malathion 0

Endosulfan 24 24 100 4.90E-04 1.90E-03 1.80E-02

Site W2 Atrazine 21 21 100 3.20E-03 1.20E-02 4.50E-02

Metolachlor 21 4 19.0 7.30E-03 ND 8.30E-03

Chlorpyrifos 21 18 85.7 2.30E-04 6.30E-04 1.00E-02

Malathion 0

Endosulfan 21 21 100 8.50E-04 3.40E-03 1.10E-02

Saltwater

Card Sound Atrazine 17 10 58.8 2.10E-03 2.30E-03 7.90E-02

Metolachlor 17 0 0 ND ND ND

Chlorpyrifos 17 14 82.4 8.00E-05 1.20E-03 3.50E-03

Malathion 0

Endosulfan 17 10 58.8 3.70E-04 4.20E-04 4.90E-03

Highway

Creek

Atrazine 26 20 76.9 1.70E-03 8.50E-03 3.30E-02

Metolachlor 26 1 3.8 5.70E-03 ND 5.70E-03

Chlorpyrifos 26 21 80.8 2.50E-04 9.50E-04 3.70E-03

Malathion 0

Endosulfan 26 25 96.2 1.70E-04 8.60E-04 8.70E-03

Joe Bay Atrazine 24 22 91.7 2.70E-03 7.50E-03 1.00E-01

Metolachlor 24 2 8.3 5.80E-03 ND 7.20E-03

Chlorpyrifos 24 23 95.8 2.50E-04 1.30E-03 6.20E-03

Malathion 0

Endosulfan 24 23 95.8 2.10E-04 1.30E-03 1.10E-02

ND = not detected
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Measured concentrations of chlorpyrifos and endosulfan

in surface waters suggest potential hazards, therefore, the

problem formulation contained an overview of their char-

acteristics and Tier 2 focused on a PRA of these two

insecticides for the C-111 and the estuarine sites.

Problem formulation

Stressor characteristics

The following section summarizes the physical and

chemical characteristics and environmental fate chemistry

of the two COPECs chlorpyrifos and endosulfan. This

includes a summary of the various factors that influence

their degradation, persistence, and transport in the aquatic

environment. A review of the results of aquatic toxicity

studies is also included, along with the results from pre-

vious ecological risk assessments.

For additional information on the environmental fate and

aquatic toxicity of chlorpyrifos, see the reviews by Barron

and Woodburn (1995) and Odenkirchen and Eisler (1988),

the ecological risk assessments by Giesy et al. (1999) and

Hall and Anderson (2003), and the environmental chemistry

summary by Racke (1993). Additional aquatic toxicity and

environmental fate information can also be obtained for

endosulfan from the U.S.EPA reregistration eligibility

decision (RED) (U.S.EPA 2002a) and the reviews by the

NRCC (1975), U.S.EPA (1980), and Goebel et al. (1982).

Chlorpyrifos

Chlorpyrifos, [O,O-diethyl O-(3,5,6-trichloro-2-pyridyl)-

phosphorothionate], is a sulfur-bearing organophosphate

(OP) insecticide and one of the most widely used in the

United States because it possesses a broad spectrum of

activity against a wide range of arthropod and insect pests

(U.S.EPA 2000). It is commonly known as Dursban and

Lorsban. Direct toxicity results from metabolic activation

to form chlorpyrifos oxon with inactivation of acetylcho-

linesterase at the synapse (Barron and Woodburn 1995).

Of all OP insecticides, chlorpyrifos has the highest

national agricultural usage (Larson et al. 1997). Florida has

high chlorpyrifos usage, along with California, Washing-

ton, Georgia, Arizona, Nebraska, Iowa, Illinois, and

Wisconsin (U.S.EPA 2000). In Florida, chlorpyrifos is used

on tomatoes, corn, cotton, grapefruit, oranges, pecans,

peaches, peanuts, sod, soybeans, sweet corn, and tobacco

(FDOACS 1999). Of these crops, sweet corn is cultivated

intensively in the Everglades region, with 24,400 reported

acres, and 42,000 lbs a.i. chlorpyrifos are applied annually

on sweet corn throughout the state (FDOACS 1999). In

1995, applications of chlorpyrifos on crops and in indus-

trial settings were almost equivalent (Nowell et al. 1999).

Recently, according to the Florida Department of Agri-

culture and Consumer Services (FDOACS 2003), an

estimated 289,128 lbs of chlorpyrifos active ingredient was

used on 18 different Florida crops. In South Florida,

chlorpyrifos is also applied on or near golf courses and in

residential areas (Scott et al. 2002).

Chemical/physical properties and environmental fate

Chlorpyrifos has low water solubility (*1.0 mg/l), moder-

ate volatility (2910-5 mm Hg at 25�C), and moderate

hydrophobicity (log Koc of*4, log Kow of*5), and it sorbs

fairly strongly to soils (U.S.EPA 2000). It, therefore, has a

propensity to partition to organic matrices in aquatic sys-

tems, with little tendency to exist in dissolved form in surface

waters. Abiotic and biotic degradation of chlorpyrifos in

water leads to 3,5,6-trichloro-2-pyridinol (TCP), which

is hydrolytically degraded in water in less than one hour

(Dilling et al. 1984). Racke (1993) reports water half-lives of

B5 days and sediment half-lives of B16.3 days for chlor-

pyrifos. In water, the half-life of chlorpyrifos is affected

through sediment/particle binding, biodegradation, volatili-

zation, hydrolysis, and photolysis (Giesy et al. 1999).

Aquatic toxicity

Chlorpyrifos is acutely toxic to freshwater and saltwater

fish and invertebrates at \5.0 lg/l (Giesy et al. 1999;

Mayer and Ellersieck 1986; Odenkirchen and Eisler 1988).

Toxicity is higher with increased temperature and pH.

Generally, aquatic crustaceans and insect larvae are the

most sensitive and mollusks, annelids, and rotifers are the

least sensitive aquatic species in laboratory and field

studies (Giesy et al. 1999). Fish are less sensitive to

chlorpyrifos than invertebrates in both acute and chronic

exposures. Sublethal effects in freshwater and saltwater

species include the inhibition of acetylcholinesterase

(ACHE) activity in brain and blood, equilibrium loss,

reduction in growth, and reproductive impairment. The

latter effects were noted at exposure concentrations

\1.0 lg/l (Odenkirchen and Eisler 1988). Small acute-to-

chronic ratios and low persistence for chlorpyrifos indicate

that short-term acute exposures rather than long-term

chronic exposures are most likely to cause toxic effects in

the field (Giesy et al. 1999).

Bioconcentration factors (BCFs) of chlorpyrifos for fish

and invertebrates are in the range from about 50 to 6,000

and are less than that predicted from bioconcentration

models because of biotransformation to polar metabolites

such as TCP (Giesy et al. 1999). Chlorpyrifos will partition

from the aqueous to solid organic phases in the environ-

ment, limiting exposures, indicating that laboratory

bioconcentration studies may overestimate the BCF.
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Freshwater pond and mesocosm studies reviewed in the

North American aquatic ERA for chlorpyrifos indicated

that concentrations less than 0.1 lg/l should not pose a risk

to aquatic invertebrates (Giesy et al. 1999). Concentrations

greater than 0.2 lg/l affect invertebrate species, but pop-

ulation recovery was often observed in 2–8 weeks.

Concentrations greater than 0.5 lg/l affected the survival

and growth of some fish species. For conservatism, 0.1 lg/l

was chosen as the benchmark no observed adverse effect

concentration (NOAEC) for the protection of ecological

structure and function from exposures to chlorpyrifos

(Giesy et al. 1999). This value was supported by field

studies in outdoor mesocosms/ditches conducted by Van

den Brink et al. (1996) and Van Wijngaarden et al. (1996).

Based on the available acute and chronic core and

supplementary studies in the Reregistration Eligibility

Decision (RED), the U.S.EPA Environmental Fate and

Effects Division (EFED) found chlorpyrifos to be toxic to

aquatic invertebrates and fish (U.S.EPA 2000). The acute

and chronic hazard quotients utilized by the U.S.EPA

indicated that chlorpyrifos is a concern for freshwater and

estuarine fish. This was based on many typical usage sce-

narios in exposure modeling. Acute risks for amphibian

tadpoles were also of concern to EFED based on peak

EECs (estimated environmental concentrations) from

modeling data. For all possible uses of chlorpyrifos,

chronic reproductive effect values were exceeded by

21-day EECs. For freshwater and estuarine aquatic inver-

tebrates, hazard quotients surpassed acute and chronic

concern levels for all outdoor uses.

The North American ERA showed that, in high usage

cornbelt areas (i.e., Midwest, Lake Erie, California, and

various other agricultural and urban watersheds), the acute

10th centile (effects benchmark) or the NOAEC from field/

mesocosm studies (0.1 lg/l) was exceeded in less than

10% of any of the Lake Erie areas for chlorpyrifos with

sufficient monitoring data. Freshwater fish acute toxicity

10th centiles from species’ sensitivity distributions were

not exceeded by exposure concentrations in Lake Erie for

any year monitored. However, when maximum exposure

concentrations were compared to acute 10th centiles for

freshwater arthropods ‘‘they suggested that, in some rivers

in this drainage basin, and in some years, significant effects

on invertebrates could occur.’’ In addition, in small tribu-

taries and agricultural basins in California, there was a

likelihood that threshold concentrations for invertebrates

would be exceeded, but not for fish.

Hall and Anderson (2003) recently conducted a proba-

bilistic analyses of chlorpyrifos surface water data in the

San Joaquin River (California) from 1991 to 2001 and

showed that the California Department of Fish and Game

acute and chronic criteria for all sites (n=49) was exceeded

in 13.7% and 19.1%, respectively. The probability of

exceeding acute and chronic criteria was greater at pooled

tributary than main stem sites.

Endosulfan

Endosulfan, commercially known as Thiodan�, is a sulfur-

bearing chlorinated hydrocarbon of the cyclodiene sub-

group. Technical endosulfan is a mixture of two

stereoisomers; a (70%) and b (30%) endosulfan (NRCC

1975). It is used as an insecticide and acaricide on a wide

variety of row crops, fruits, nuts, vegetables, and cotton.

Cyclodiene pesticides disrupt nervous system function by

preventing chloride ions from entering neurons through the

inhibition of GABA receptors (Ware 1991). The main

transformation product identified in the environment is

endosulfan sulfate, but endosulfan diol, endosulfan lactone,

and endosulfan hydroxy carboxylic acid also appears in

lesser quantities.

Endosulfan has been detected in surface water,

groundwater, and sediment (U.S.EPA 2002a). It is one of

the most ubiquitous organochlorine insecticides in the

atmosphere (Shen et al. 2005). There is evidence for the

long-range transport of endosulfan and endosulfan sulfate

because there are reported concentrations in environmental

matrices from the Arctic regions (http://www.amap.no/).

Results from the global monitoring network for persistent

organic pollutants (POPs) published in 2006 also revealed

that endosulfan is abundant and its use has increased (Pozo

et al. 2006; Harner et al. 2006). The U.S.EPA STORET

database (http://www.epa.gov/storet/) indicates surface

water detections of one or more endosulfan residues in 38

states in the U.S., with the highest number of endosulfan

detections in California, Florida, Louisiana, Washington,

Mississippi, and Ohio. In the surface water database

(SURF) from the California Department of Pesticide

Regulation Environmental Hazard Assessment Program

(EHAP), endosulfan sulfate had the highest detection fre-

quency compared to parent endosulfan and b-endosulfan

(CDPR 2000). The presence of endosulfan is well docu-

mented in the National Sediment Quality Survey, which

reports endosulfan residues in stream sediments in 30 out

of 76 watersheds from 12 states in the U.S. (U.S.EPA

1997). The U.S.EPA evaluation of the National Sediment

Contaminant Point Source Inventory (NSI) from 1980 to

1999 in the U.S. also indicates that the number of detec-

tions of b-endosulfan was about three times more than that

for a-endosulfan and endosulfan sulfate in sediment, with

also a significantly higher concentration range (U.S.EPA

2001).

Endosulfan usage within the South Florida Water

Management District, which contains 16 counties in South

Florida, was approximately 36 tons annually (Miles and

Pfeuffer 1997). In the vicinity of the Biscayne Bay
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watershed alone, approximately 36,562 lbs of endosulfan

were applied per year (Pait et al. 1992). Endosulfan is

utilized on tomatoes and squash in the Biscayne Bay region

(Pait et al. 1992). Recently, the total amount of active

ingredient endosulfan used in Florida was estimated by the

Florida Department of Agriculture and Consumer Services

to be 98,302 lbs (FDOACS 2003).

Chemical/physical properties and environmental fate

Endosulfan is not soluble in water (60–100 lg/l @ 25�C)

and it has a moderate volatility (1910-5 mmHg @ 25�C)

(ATSDR 2000). a-Endosulfan has been found to be more

volatile and less persistent than b-endosulfan, which has a

higher volatility than the oxidation product endosulfan

sulfate (NRCC 1975; Goebel et al. 1982). Volatilization

may be a major source of removal for endosulfan from the

aquatic environment. The log Kow ([3–4.8) for a- and

b-endosulfan and endosulfan sulfate indicates a potential

for bioconcentration in aquatic organisms (Ney 1998;

German Federal Environment Agency 2007).

The hydrolysis of both isomers in alkaline solutions

(pH [ 7) is likely to be an important degradation route

from aqueous systems (NRCC 1975; U.S.EPA 2002a).

Endosulfan diol is the major decomposition product from

alkaline hydrolysis (Goebel et al. 1982). Endosulfan sulfate

is the major oxidation product expected in slightly acidic

waters under aerobic conditions (NRCC 1975). At a pH of

7, both isomers hydrolyze with half-lives less than three

weeks, but at a pH of 9, both isomers have half-lives less

than six hours. Under acidic conditions, both isomers are

stable to hydrolysis. For example, the reported half-lives in

water with pH \ 7 were over a month (Callahan et al.

1979). Persistence typically increases at pH \ 7 and under

anaerobic conditions (NRCC 1975; U.S.EPA 2002a). Fur-

thermore, a- and b-endosulfan isomers are resistant to

photolysis in water (U.S.EPA 2002a; Callahan et al. 1979;

Goebel et al. 1982), while the sulfate and diol metabolites

are susceptible to photolysis (http://www.inchem.org/

documents/hsg/hsg/hsg017.htm).

In the soil environment, both a- and b-endosulfan and

endosulfan sulfate have an affinity to sorb to soil and are,

thus, not expected to be mobile (U.S.EPA 2002a). The

distribution coefficient, Kd, between soil and water of the

b-isomer is higher than that of the a-isomer (Peterson and

Batley 1993; U.S.EPA 2002a). Zhou et al. (2003) also

found that a-endosulfan had a lower distribution coefficient

than b-endosulfan. The endosulfan Kd in soil and sediment

increases as organic carbon content increases (Peterson and

Batley 1993; Parkpian et al. 1998). The organic carbon

normalized sorption coefficient (Koc) is about 10,600,

13,500, and 12,400 for the a-, b-isomers, and endosulfan

(technical), respectively, with variation between soils

(U.S.EPA 2002a; Wauchope et al. 1992). All Kocs indicate

that parent endosulfan and both isomers are hydrophobic

and strongly sorbed to soils and sediments. Endosulfan

and its isomers will, thus, have preference for sediment

(Peterson and Batley 1993) or particulates in the aquatic

environment (Greve and Wit 1971).

Degradation by a variety of fungi and bacteria in soils is

the major route of endosulfan degradation, and endosulfan

sulfate is the primary oxidation transformation product

(NRCC 1975). The half-lives in acidic to neutral soils

under aerobic conditions of a-endosulfan range from one to

two months and for b-endosulfan from three to nine -

months (U.S.EPA 2002a). Endosulfan sulfate appears to be

as persistent as the parent compound under aerobic con-

ditions. Actual field dissipation studies also indicate that

endosulfan will persist in surface soils for months after

application (U.S.EPA 2002a). For example, in field dissi-

pation studies, the DT50 for endosulfan sulfate from soils

in Spain (Hardy 2001) and Greece (Balluff 2001) were

75 days and 47–161 days, respectively.

The residual activity of a- and b-isomers and endosulfan

sulfate in soils indicate that repeated applications of

endosulfan will produce accumulation, with potential

carry-over from year-to-year (U.S.EPA 2002a). This sug-

gests that surface water runoff and surficial soils may serve

as a source for receiving waters long after application.

Recently, it was shown that the loss of a-endosulfan dis-

solved in runoff water and through leaching was higher

than that of b-endosulfan, while the loss of a-endosulfan

from runoff sediments was lower than that of b-endosulfan

(Zhou et al. 2003).

Although several metabolites of endosulfan, i.e., sulfate,

diol, ether, hydroxy ether, and lactone, have been shown to

occur (Callahan et al. 1979; Goebel et al. 1982), endosul-

fan sulfate is typically the major metabolite in aquatic

systems (Shivaramaiah et al. 2005) and in tissues (Lehotay

et al. 1998).

Bioconcentration

The reported log Kow for a- and b-isomers and endosulfan

sulfate (*3–4.8) indicate potential for bioconcentration in

aquatic organisms. Bioconcentration studies were available

for seven fish species: sheepshead minnow (Cyprinodon

variegatus), zebra fish (Brachydanio rerio), yellow tetra

(Hyphessobrycon bifasciatus), striped mullet (Mugil ceph-

alus), pinfish (Lagodon rhomboids), long whiskers catfish

(Mystus gulio), and spot (Leiostomus xanthurus) (U.S.EPA

2007). According to the U.S.EPA, the methodology in

these studies did not meet all of the standard criteria (i.e.,

achieved steady-state, measurement and stability of expo-

sure concentrations, analytical confirmation of parent and

metabolites) for a bioconcentration study under the Federal
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Insecticide, Fungicide and Rodenticide Act (FIFRA). The

two highest quality studies, based on meeting some of these

three criteria, indicate that the BCF range for fish is 1,000

(striped mullet; Schimmel et al. 1977) to 3,000 (sheeps-

head minnow; Hansen and Cripe 1991). Depuration half-

lives in fish for a- and b-endosulfan and endosulfan sulfate

were 2–6 days.

Bioconcentration studies were available for five species

of invertebrates: blue mussel (Mytilus edulis), grass shrimp

(Palaemonetes pugio), oyster (Crassostrea madrasensis),

clam (Katelysia opima), and red swamp crayfish (Pro-

cambarus clarkii). Bioconcentration studies with inverte-

brates and endosulfan indicate a BCF range of 12–600.

More recently, an average BCF of 2,682 and 3,278 was

determined for freshwater green algae (Pseudokirchneri-

ella subcapitatum) and the cladoceran (Daphnia magna),

respectively (DeLorenzo et al. 2002). D. magna neonates

accumulated little endosulfan when exposed via the

ingestion of contaminated phytoplankton. Therefore, it

appeared that uptake from water is the dominant route for

endosulfan bioconcentration in zooplankton. Information

on depuration in invertebrates was limited.

There were no data available on the bioconcentration of

endosulfan sulfate in aquatic organisms.

Aquatic toxicity—laboratory

Endosulfan (technical) is acutely toxic to aquatic organ-

isms with a range of 0.1 for striped bass (Morone saxatilis)

to 166 lg/l for Daphnia magna (U.S.EPA 2002a). The

latter acute toxicity range does not include tests used in the

U.S.EPA (1980) water quality criteria document, which

were conducted mostly under static conditions. Acute

toxicity values for saltwater organisms are generally lower

than those for freshwater organisms. For example, the 96-h

LC50s for two freshwater invertebrates, scuds (Gammarus

lacustris) and stoneflies (Pteronarcys sp.), were 5.8 and

3.3 lg/l, respectively (Johnson and Finley 1980). However,

the 96-h LC50s for saltwater species such as grass shrimp

(Palaemonetes pugio) and the amphipod (Gammarus

palustris) were 0.62 lg/l (Wirth et al. 2001) and 0.43 lg/l

(Leight and Van Dolah 1999). There is limited data for

aquatic organisms on the effects of chronic exposure to

endosulfan. The chronic data available indicate that the no

observed effect concentrations for fathead minnows (Pim-

ephales promelas) and the cladoceran Daphnia magna

were 0.2 and 2.0 lg/l, respectively. The most sensitive

endpoints were reduced growth and survival. The literature

shows that a-endosulfan may be more acutely toxic than

b-endosulfan and endosulfan sulfate to fish and inverte-

brates in static water tests, but a combination of (a + b)-

endosulfan plus endosulfan sulfate appears to be more

toxic than any single isomer, especially to H. azteca, where

the combination decreased growth and reduced survival at

0.37–4.84 mg endosulfan/Kg sediment (Wan et al. 2005).

The estimated 28-d LC50s for the (a + b)-endosulfan

combination and endosulfan sulfate to H. azteca were 0.83

and 1.73 mg/kg, respectively, and 0.36 mg/kg for the

(a + b)-endosulfan plus endosulfan sulfate combination.

Recently, laboratory acute toxicity data for endosulfan

sulfate generated by the registrants in support of the RED

on endosulfan indicate that, for freshwater and estuarine

fish, the metabolite is equally toxic to the parent compound

(U.S.EPA 2007).

The 10-d sediment LC50 values for the freshwater midge

(Chironomus tentans) were 0.96, 3.24, and 5.22 lg/goc

(normalized to TOC), while the LC50 values for the amphipod

(Hyalella azteca) were 51.7, [1,000, and 873 lg/goc for

a-endosulfan, b-endosulfan, and endosulfan sulfate, respec-

tively (You et al. 2004). It appears that, in sediment,

a-endosulfan may also be more toxic than b-endosulfan and

endosulfan sulfate to benthic organisms. Differences in acute

toxicity of the two isomers may be accounted for by the greater

binding affinity of the b-isomer to sediment than the a-isomer,

which is more bioavailable. The U.S.EPA (2007) also pre-

sented recent acute sediment toxicity data for 10-day tests with

endosulfan sulfate and showed that, in C. tentans and Leptoc-

heirus plumulosus, the NOAEC was 2.7 and 27 lg/l (pore

water), based on growth and survival, respectively. The 28-day

chronic NOAEC for L. plumulosus was 1.58 lg/l, based on

growth.

Aquatic toxicity—field studies and risk assessments

Case studies on the detection of endosulfan in surface waters

indicate a range of values. The results of a monitoring pro-

gram on insecticide loss to stream water from agricultural

areas in Ontario, Canada, showed the presence of endosulfan

at a low range of 0.01–0.17 lg/l from agricultural water-

sheds (Frank et al. 1982) to a high range of 0.11–2.0 lg/l

from rural ponds (Frank et al. 1990). In addition, investiga-

tors found that, in farm ditches in British Columbia, Canada,

endosulfan concentrations ranged from a low of 0.01–

13.4 lg/l (Wan et al. 1995) to 1,530 lg/l (Wan 1989).

Endosulfan concentrations in the Lourens River, South

Africa, ranged from a low range of 0.03–0.16 lg/l (Schulz

et al. 2001a) to a high of 8.5–12.3 lg/l (Schulz et al. 2001b).

Fulton et al. (1999) also found that endosulfan ranged from

\0.1 to [0.8 lg/l at estuarine sites in South Carolina.

Lehotay et al. (1998) found that surface water samples of

two tributaries of the Chesapeake Bay, Maryland, contained

up to 0.035 lg/l (Patuxent River) and up to 0.225 lg/l

(Choptank River) of endosulfan (b). The latter concentration

exceeded the U.S.EPA freshwater water quality criteria

(0.056 lg/l) for endosulfan. Approximately 54% of the total

residue detected was endosulfan sulfate. Muir et al. (2004)
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showed the presence (pg/l) of a- and b-endosulfan from four

temperate lakes in south-central Canada with no agriculture

areas within 30 miles, suggesting the atmospheric transport

and deposition of endosulfan.

Schulz (2004) showed that, when concentrations of 23

insecticides from field studies (*70) were compared to

their water quality guideline for the protection of aquatic

life, the water quality guideline for endosulfan was

exceeded more frequently in field studies than all other

insecticides.

Table 3 lists the available field studies on the effects of

endosulfan in surface waters. In most of the studies, there

appeared to be no clear relationship between endosulfan

exposure and the effects observed. In some studies, the

results are based on experimental exposure (i.e., direct

spraying, endosulfan injection, or actual application).

Alternatively, in some studies, the results are based on non-

point-source pollution events monitored during and/or after

normal farming practice. There is also a distinction

between effects on organisms exposed in situ, which

reflects an artificial, experimental exposure, and effects on

abundance, drift, and community dynamics in the field

under actual field exposures.

What is clear from the acute toxicity studies conducted

in the field and the U.S.EPA STORET 90th centile expo-

sure concentration for endosulfan (0.31 lg/l) and the

California Department of Pesticide Regulation 95th centile

exposure concentration range for the sulfate, parent, and

b-endosulfan (0.07–0.14 lg/l) is that fish and invertebrate

mortality in the field may be a real concern when endo-

sulfan is applied in agricultural areas near aquatic systems.

The latter gains in importance because a review of the

Ecological Incident Information System (EIIS; U.S.EPA

1994) shows that, since 1971 with 91 reported aquatic

incidents, endosulfan accounted for the majority (62%) of

the cyclodiene incidents. The majority (96%) of the inci-

dents were in the aquatic environment; 82% were fish-

related, and 7% were related to macroinvertebrates. The

highest percentage of reported incidents were from Cali-

fornia, Louisiana, North Carolina, and South Carolina.

Since the U.S.EPA (1994) incident data, an additional 18

incidents (15 involving aquatic and three involving ter-

restrial organisms) have been reported associated with

endosulfan use and mostly in California (U.S.EPA 2007).

For the endosulfan RED, the U.S.EPA conducted two

primary risk assessments for effects on nontarget aquatic

organisms (U.S.EPA 2002a). The first utilized hazard

quotients (HQs) from standard toxicity tests. For freshwa-

ter fish, acute and chronic HQs were above levels of

concern (LOCs), with ranges from 1.2 to 23 for acute

effects and from 0.5 to 29 for chronic effects. Acute HQs

for freshwater aquatic invertebrates were above LOCs,

with ranges from 0.17 to 3.3. Freshwater aquatic

invertebrate chronic HQs were also above LOCs, with

ranges from 1.1 to 61. HQs for estuarine and marine fish

and invertebrates were higher than HQs for freshwater

species. Acute HQs for estuarine and marine fish ranged

from 9.8 to 191. Chronic HQs for estuarine and marine fish

ranged from 5 to 316. For estuarine and marine inverte-

brates, acute and chronic HQs were in the ranges of 2.2–42

and 1.6–85, respectively. Unlike chlorpyrifos, ranges for

HQs in the assessment for endosulfan were higher for

freshwater and saltwater species of fish than for freshwater

and saltwater species of invertebrates from standard tox-

icity tests. From the distribution of acute freshwater fish

HQs and Monte Carlo simulations to predict exceedences

from typical usages in crop scenarios, acute LOCs set by

the U.S.EPA would be exceeded 99% of the time by acute

HQs for seven out of eight crops modeled.

In the second phase of the endosulfan RED, the

U.S.EPA conducted a probabilistic assessment of aquatic

risk. Modeling data used application rates for the com-

pound with a 300-ft spray drift buffer. The resulting joint

probability curves predicted that, for a scenario involving

tomato sprayings in Florida, there is a 50% probability that

at least 75% of aquatic species would experience mortality.

For a spraying scenario involving apples, there was a 50%

probability that at least 5% of aquatic species would

experience mortality.

Ecosystems potentially at risk

The ecosystems addressed in the SERA were the C-111

freshwater basin, northeast Florida Bay, and south Bis-

cayne Bay. To determine the areas that were potentially at

risk, we considered: (1) where, when, and at what quanti-

ties the pesticides were found; and (2) stressor

characteristics. Most of the analytical data from surface

water exposure monitoring programs were for the C-111

system and secondarily for northeast Florida Bay.

Assessment endpoints

The U.S.EPA (1998) provides three criteria for the selec-

tion of assessment endpoints: (1) ecological relevance, (2)

susceptibility to the known or potential stressors, and (3)

relevance to management goals. This leads to the following

general assessment endpoints for freshwater and estuarine

sites in Tier 2:

1. Survival and production of algae, periphyton, and

seagrasses provide habitat, food, and energy for

consumers and control the diversity of consumers

within the different ecosystems. One of Florida Bay’s

672 J. F. Carriger, G. M. Rand
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major ecological attributes that is both an indicator of

its health and is important to society is the seagrass

community. They are a productive base for the food

web, a habitat for higher trophic levels, and a regulator

of the Bay’s water quality (i.e., through nutrient

uptake, binding of sediments by their roots, and

trapping of particles through their leaf canopy).

2. Survival and function of microbial decomposers

essential to the recycling of nutrients in sediments

and surface waters of the ecosystems.

3. Survival and production of arthropods (e.g., pink

shrimp) which provide food in and on sediments.

Florida Bay is a nursery ground for pink shrimp in that

it supports the shrimp fishery of the Tortugas. They are

a component of the diet of gamefish and wading birds,

and are also an indicator of the Bay’s productivity.

4. Survival and production of invertebrate herbivores that

exert functional control over the primary producers.

5. Survival and production of fish that exert functional

control over the primary producers and primary

consumers (herbivores). Biscayne Bay and Florida

Bay sport-fishing is of economic importance to the

region.

The specific assessment endpoint for Tier 2 is the pro-

tection of at least 90% of the species 90% of the time (10th

centile from species sensitivity distributions) from acute

and chronic stressor exposures (Solomon et al. 1996). A

total of five general assessment endpoints are described

above. Only assessment endpoints 1, 3, and 5 are being

considered in light of both single-chemical and multiple-

chemical exposures. These endpoints are in keeping with

the management goals set forth by the Science Subgroup

(1996). Microbial decomposers, invertebrate herbivores,

and seagrasses cannot be addressed because of the limited

toxicity databases for these groups. Not presently included

within the assessment endpoints are any specific endan-

gered or threatened species.

Conceptual model

The major uses of the pesticides in the C-111 basin (e.g.,

Frog Pond) are for agriculture. Spraying is the major form

of application that may lead to the transport of the pesti-

cides to surface waters through surface runoff and drift.

The highest concentration of pesticides would be expected

to be in the C-111 canal system and, to a lesser extent, in

the shallow coastal estuarine sites directly following drift.

Chlorpyrifos, and especially endosulfan (the sulfate form),

may be expected at estuarine sites because they are more

hydrophobic and, thus, may be transported sorbed to sed-

iment from freshwater to saltwater. Because pesticide inputT
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would occur mainly during spraying and secondarily as a

result of surface runoff events (e.g., especially endosulfan

and chlorpyrifos), and because they dissipate rapidly in

surface water, the pesticides would be expected to be

present in intermittent pulses, rather than continuously.

Defining the spatial and temporal exposure distribution and

risk of the five pesticides in the C-111 system and estuarine

sites was a major objective of the SERA. The site con-

ceptual exposure model is illustrated in Fig. 2.

The pesticides being considered here have specific

receptor-mediated modes of toxicity. Therefore, aquatic

organisms vary in their sensitivity to the five pesticides

based on possessing the target site for the pesticide.

Therefore, aquatic plants (e.g., algae, periphyton, seagrass)

are more likely to be affected by the herbicides (i.e.,

atrazine, metolachlor) and invertebrates and fish are more

likely to be affected by the insecticides (i.e., malathion,

chlorpyrifos, endosulfan). There are limited toxicity data

for amphibians, periphyton, invertebrate herbivores,

microbial decomposers, and seagrass. Chlorpyrifos, mala-

thion, and endosulfan exposure may reduce or eliminate

some invertebrate populations, and possibly cause indirect

effects on fish. Indirect effects may also occur as a result of

predators consuming contaminated prey. Only the risk

associated with the direct effects of pesticides was assessed

in the SERA.

The SERA focused on phytoplankton/plants, arthropods,

and fish. The seasonal timing of the pesticide usage,

especially the insecticides, coincide with the spawning

periods (January, February, March) of fish species (i.e.,

sensitive life stages) in freshwater areas. Important inver-

tebrate prey as a food resource may also be affected. This is

especially relevant when these prey are critical to the

growth and survival of fish early life stages. The site

conceptual effects model is illustrated in Fig. 3.

Measurement endpoints are measurable ecological char-

acteristics related to the valued characteristic chosen as the

assessment endpoint (U.S.EPA 1998). These are the focus in

the SERA and they link the assessment endpoint and attri-

butes measured to the characterization of risk potentials.

Based on the conceptual model of potential exposure and

effects, the following questions (as risk hypothesis),

including measurement endpoints, were addressed in Tier 2:

1. What is the likelihood that the pesticide concentrations

in the C-111 system and related estuarine sites will be

high enough to cause acute effects? (Measurement of

effect: survival of test organisms in acute laboratory

tests.)

2. What is the likelihood that the pesticide concentrations

are high enough and stable enough in water to cause

chronic effects on the survival, growth, and/or repro-

duction of organisms? (Measurement of effect:

survival and NOECs of growth, and reproduction of

test organisms in chronic laboratory tests.)

The first and second questions are related to assessment

endpoints 1, 3, 4, and 5. Assessment endpoint 2 was not

addressed because of insufficient microbial toxicity infor-

mation. All questions were addressed in light of single- and

multiple-chemical pesticide exposures in water. If the

pesticides do produce acute and/or chronic toxic effects on

aquatic organisms, the following questions will be

examined:

1. At what sites and when are the effects likely to be the

greatest?

2. Which trophic groups are at the greatest risk?

3. If some species are likely to be affected, are these

species critical food organisms, such that, for example,

reductions in invertebrate populations will affect fish

growth and survival?Fig. 2 Conceptual exposure model

Fig. 3 Conceptual effects model
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Questions 1 and 2 will be addressed, but question 3 will

not be examined. Questions 1 and 2 were addressed

because, in the C-111 system, northeast Florida Bay, and

south Biscayne Bay, hazard to aquatic receptors was pre-

dicted for fresh- and salt-water organisms as separate

groups, and sampling sites in these systems were also

analyzed separately during the dry (February) and wet

(June) seasons to determine where the risks were greatest.

Conclusions

Tier 1—hazard assessment and problem formulation of an

aquatic risk assessment under the U.S.EPA ecological risk

framework were summarized for pesticides in the C-111

freshwater basin (eastern boundary of the Everglades

National Park), northeast Florida Bay, and south Biscayne

Bay. For hazard assessment, the hazard quotient approach

was used, in which the surface water exposure concentra-

tions of malathion, atrazine, endosulfan, and chlorpyrifos

from monitoring studies were compared to the U.S.EPA

water quality criteria (WQC). No WQC were available for

metolachlor, therefore, the surface water concentrations

were compared to the response for the most sensitive

species in a toxicity test. Based on the results of hazard

assessment, the measured surface water concentrations of

chlorpyrifos and endosulfan suggest potential hazards.

Both insecticides were classified as chemicals of potential

ecological concern (COPECs) and were then considered in

the problem formulation.

Based on measured concentrations of atrazine, metola-

chlor, and malathion, there was no indication of hazard to

aquatic organisms in surface waters. The problem formu-

lation phase of the risk assessment contained an overview

of their physical/chemical and environmental fate charac-

teristics and aquatic toxicity. The problem formulation also

addressed the ecosystems at risk, endpoints (measurement

and assessment), and a conceptual model for risk assess-

ment. What is clear from the literature review on

endosulfan surface water concentrations in the field and the

results of aquatic laboratory and field toxicity studies is

that, when endosulfan is applied for agricultural purposes

near aquatic ecosystems, adverse effects on fish and

invertebrates is a concern, especially following acute

exposures. The subsequent paper presents the probabilistic

aquatic risk assessment of endosulfan and chlorpyrifos,

individually and jointly with atrazine, malathion, and

metolachlor, for the C-111 freshwater basin, northeast

Florida Bay, and south Biscayne Bay.
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