
Endosulfan and its metabolite, endosulfan sulfate, in freshwater
ecosystems of South Florida: a probabilistic aquatic ecological risk
assessment

Gary M. Rand • John F. Carriger •

Piero R. Gardinali • Joffre Castro

Accepted: 11 February 2010 / Published online: 4 March 2010

� Springer Science+Business Media, LLC 2010

Abstract Endosulfan is an insecticide–acaricide used in

South Florida and is one of the remaining organochlorine

insecticides registered under the Federal Insecticide Fun-

gicide and Rodenticide Act by the U.S.EPA. The technical

grade material consists of two isomers (a-, b-) and the main

environmental metabolite in water, sediment and tissue is

endosulfan sulfate through oxidation. A comprehensive

probabilistic aquatic ecological risk assessment was con-

ducted to determine the potential risks of existing exposures

to endosulfan and endosulfan sulfate in freshwaters of South

Florida based on historical data (1992–2007). The assess-

ment included hazard assessment (Tier 1) followed by

probabilistic risk assessment (Tier 2). Tier 1 compared

actual measured concentrations in surface freshwaters of 47

sites in South Florida from historical data to U.S.EPA

numerical water quality criteria. Based on results of Tier 1,

Tier 2 focused on the acute and chronic risks of endosulfan

at nine sites by comparing distributions of surface water

exposure concentrations of endosulfan [i.e., for total endo-

sulfan (summation of concentrations of a- and b-isomers

plus the sulfate), a- plus b-endosulfan, and endosulfan sul-

fate (alone)] with distributions of species effects from

laboratory toxicity data. In Tier 2 the distribution of total

endosulfan in fish tissue (whole body) from South Florida

freshwaters was also used to determine the probability of

exceeding a distribution of whole body residues of endo-

sulfan producing mortality (critical lethal residues). Tier 1

showed the majority of endosulfan water quality violations

in South Florida were at locations S-178 followed by S-177

in the C-111 system (southeastern boundary of Everglades

National Park (ENP)). Nine surface water sampling sites

were chosen for Tier 2. Tier 2 showed the highest potentially

affected fraction of toxicity values ([10%) by the estimated

90th centile exposure concentration (total endosulfan) was

at S-178. At all other freshwater sites there were\5% of the

toxicity values exceeded. Potential chronic risk (9.2% for

total endosulfan) was only found at S-178 and all other sites

were \5%. Joint probability curves showed the higher

probability of risk at S-178 than at S-177. The freshwater

fish species which contain tissue concentrations of endo-

sulfan (total) with the highest potential risk for lethal whole

body tissue residues were marsh killifish, flagfish and

mosquitofish. Based on existing surface water exposures

and available aquatic toxicity data, there are potential risks

of total endosulfan to freshwater organisms in South Florida.

Although there are uncertainties, the presence of tissue

concentrations of endosulfan in small demersal fish, is of

ecological significance since these fish support higher tro-

phic level species, such as wading birds.
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Introduction

Endosulfan is an organochlorine insecticide–acaricide,

which was introduced in the mid-1950s by Hoechst AG

(now Bayer CropScience) for use on a wide variety of row

crops, fruits, nuts, vegetables, cotton and tobacco to control

a broad-spectrum of insect pests and mites (Goebel et al.

1982). It is one of the remaining organochlorine pesticides

registered under the Federal Insecticide Fungicide and

Rodenticide Act (FIFRA) by the U.S.EPA. It is a sulfur-

bearing polychlorinated cyclodiene and the technically

active parent compound is a diastereomeric mixture of two

biologically active isomers; 70% a (alpha)- and 30% b
(beta)-endosulfan. Endosulfan is commercially marketed

under the registered trade name Thiodan�.

After application, endosulfan can adsorb to particulates

and persist in soil and/or sediment or dissipate as a result of

volatility and drift to locations far removed from the initial

site of use (NRCC 1975; GFEA 2007). The main trans-

formation product through oxidation in freshwater and

saltwater, including sediment, is endosulfan sulfate (Nav-

arro et al. 2000; Shivaramaiah et al. 2005), although the

diol, a-hydroxy-ether, ether and lactone have also been

detected (NRCC 1975).

Endosulfan is also one of the most ubiquitous organo-

chlorine insecticides in the atmosphere (Shen et al. 2005).

The recent nationwide pesticides air surveillance program

in Canada (Canadian Atmospheric Network for Currently

Used Pesticides or CANCUP) for 2004–2005 indicated that

endosulfan (a- and b-isomers) was the most frequently

detected organochlorine compound across the country with

high wet deposition fluxes, suggesting important atmo-

spheric inputs (Yao et al. 2008). It is therefore not sur-

prising that both a- and b-isomers and endosulfan sulfate

have been detected in surface fresh- and salt-waters, sedi-

ment and biota throughout the world, including the Arctic

regions (GFEA 2007; U.S.EPA 2007).

The National Research Council of Canada (NRCC)

environmental quality review of endosulfan in the early

1970s documented that the b-isomer and the principal

degradation product endosulfan sulfate are highly persis-

tent, especially in sediment, and that aquatic organisms

adjacent to application sites will be exposed to ‘‘short-term

peak concentrations rather than a long-term, chronic

exposure’’ and ‘‘the exception to this pattern may be

soil- and sediment-dwelling organisms’’ which ‘‘may be

exposed to a chronic dose as well as a short-term dose’’

(NRCC 1975). The review states that fish are ‘‘highly

sensitive to endosulfan and the sulfate’’ and that environ-

mental ‘‘levels of endosulfan and the sulfate should receive

particular attention’’.

Over the last 30 years, endosulfan has received con-

siderable attention and it has been the subject of a number

of international regulations and action plans worldwide

(GFEA 2007). The National Oceanic and Atmospheric

Administration (NOAA), in the early 1990s listed endo-

sulfan, as a pesticide of concern since it was the most

hazardous of 35 inventoried pesticides detected in U.S.

coastal areas based on ‘‘its acute toxicity, high biocon-

centration factor, and fairly long soil half-life’’ (Pait et al.

1992). In addition, a review of the U.S.EPA Ecological

Incident Information System shows that, since 1971, there

were 106 reported fish mortality-related incidents in the

U.S. associated with the use of endosulfan (U.S.EPA 2002,

2007). Endosulfan has been proposed for global ban under

the Stockholm Convention on Persistent Organic Pollutants

(POPs) because it meets the criteria for persistence and

potential to cause adverse effects, bioaccumulation and

long-range transport (Latre and Ramos 2009). It is now

banned in more than 50 countries, including the European

Union and several Asian and Western nations. Bayer

CropScience stated that it will stop selling all products

containing endosulfan by the end of 2010 (K. Keteles,

personal communication, July 27, 2009). Currently India

and Israel are the largest endosulfan producers.

The U.S.EPA (2002) recent aquatic probabilistic risk

assessment (PRA) for agriculture uses of endosulfan in the

reregistration eligibility decision (RED) for a scenario

involving tomato applications in Florida, resulted in joint

probability curves (JPCs) predicting that, ‘‘in any single

year there is a 90% probability that 60% of the aquatic

species will be killed, a 50% probability that 75% of the

species will be killed, and a 10% probability that 90% of

the species will be killed’’ adjacent to fields treated at

typical application rates. Furthermore, the most recent

2007 addendum to the U.S.EPA RED confirms concern for

endosulfan (and the sulfate degradate) use in agriculture

since it is ‘‘persistent and represents a source for endo-

sulfan to enter aquatic and terrestrial food chains’’

(U.S.EPA 2007).

In South Florida, the a- and b-endosulfan isomers and

endosulfan sulfate have been detected in surface water

(fresh- and salt-water) and sediment (fresh- and salt-water)

since the early 1990s in monitoring studies conducted by

the South Florida Water Management District (SFWMD)

(Miles and Pfeuffer 1997; Pfeuffer and Rand 2004), NOAA

(Scott et al. 1994, 2002; Fulton et al. 2004), U.S.EPA

(Goodman et al. 1999) and U.S. Department of Agriculture

(Harman-Fetcho et al. 2005). At several fresh- and salt-

water sampling sites in these monitoring studies, U.S.EPA

water quality criteria (WQC) for freshwater and marine life

were exceeded for endosulfan. A recent aquatic PRA for

endosulfan in surface waters from 1999 to 2000 in South

Florida indicated potential acute risks to fish and arthro-

pods in fresh-and salt-water (Carriger and Rand 2008a, b).

In addition, a PRA of sediment data for pesticides from
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1990 to 2002 in South Florida freshwater canals identified

endosulfan as a chemical of potential ecological concern,

based on exceedences of sediment quality criteria or

screening benchmarks (Carriger et al. 2006). Endosulfan

had the highest potential chronic risk out of four legacy

organochlorine pesticides present (i.e., DDT, DDD, DDE,

chlordane) in sediment based on the probability of pre-

dicted pore water concentrations in canals exceeding the

estimated no observed effect concentration (NOEC) 10th

centile of the arthropod chronic species sensitivity distri-

bution (SSD).

The South Florida ecosystem is a ‘‘heterogenous system

of wetlands, uplands, and coastal and marine areas’’ which

encompasses all or portions of 16 counties and includes

two National Parks (Everglades and Biscayne), and Big

Cypress National Preserve (Science Subgroup 1996). Fur-

thermore, there are a large number of threatened and

endangered plant and animal species and species of special

concern in South Florida listed under the Federal Endan-

gered Species Act, by the Florida Game and Fresh Water

Fish Commission and by the Florida Department of Agri-

culture and Consumer Services (FDACS). South Florida is

presently undergoing one of the largest environmental

restoration efforts in the world, at an estimated cost of 19.7

billion dollars and possibly spanning 40 years (GAO

2007).

Agriculture is a significant land use in South Florida and

the presence of endosulfan isomers and endosulfan sulfate,

in surface waters, in this region, is a major concern to the

U.S.EPA (2002, 2007). Recently, the total amount of active

ingredient endosulfan used in Florida was estimated by the

FDACS to be 98,302 lbs (FDACS 2003). Although moni-

toring data for surface water are available, there is no

comprehensive aquatic risk assessment for endosulfan, its

isomers, or for its major environmental metabolite, endo-

sulfan sulfate, in freshwater ecosystems of South Florida.

In general, there are a limited number of probabilistic

aquatic ecological risk assessments for pesticides in South

Florida (Carriger et al. 2006; Carriger and Rand 2008a, b;

Schuler and Rand 2008). Therefore, the objective of this

study was to conduct a comprehensive probabilistic aquatic

ecological PRA to quantify the likelihood and extent that

adverse effects to aquatic organisms are occurring from

existing surface water exposures to total endosulfan (i.e.,

summation of concentrations of a- and b-isomers plus the

sulfate), to a- plus b-endosulfan, and to endosulfan sulfate

(alone) in South Florida freshwater ecosystems. In this

study, a PRA approach was used with the U.S.EPA eco-

logical risk assessment (ERA) framework (U.S.EPA 1998),

which compares probability distributions of both actual

exposure concentrations of endosulfan in surface fresh-

waters with species effects data from laboratory toxicity

studies to determine the degree of overlap, which is a

measure of risk. We also evaluated the significance of

tissue concentrations of endosulfan detected in native fish

species collected in these ecosystems using a critical body

residue/lethal body burden approach (McCarty and Mackay

1993).

Methods

The probabilistic aquatic ecological risk assessment fol-

lowed a two-tier approach which has been endorsed by

ECOFRAM (1999). Within the tiers, the first three phases

of the U.S.EPA ERA framework were incorporated:

problem formulation, risk analysis and risk characterization

(U.S.EPA 1998). Problem formulation describes the key

properties of endosulfan including mode of action, expec-

ted ecological effects, ecosystem at risk, and assessment

(what we are trying to protect) and measurement (tools

used to measure effects on assessment endpoints) end-

points. Risk analysis examines two components: environ-

mental exposure (i.e., surface water concentrations) and

ecological effects (i.e., toxicity studies). In addition to

surface water concentrations of endosulfan (a- and b-)

isomers and sulfate, we also evaluated critical body resi-

dues of endosulfan in fish tissue. Exposure and effects data

were integrated in the final risk characterization phase to

determine the likelihood of effects. Risk characterization

integrated probability distributions of exposure concentra-

tions with SSDs and included use of joint probability

curves (JPCs or exceedence profiles) for sites which dis-

played the highest potential acute and chronic risks

(Solomon et al. 2000). Joint probability curves character-

ized the relationship between magnitude of effect and the

probability of occurrence for that effect (ECOFRAM

1999).

In Tier 1, actual measured environmental concentrations

(MECs) of endosulfan in surface freshwaters in South

Florida were compared to the U.S.EPA WQC values (i.e.,

CMC or criteria maximum concentration; and CCC or cri-

terion continuous concentration) to obtain a hazard quotient

(HQ) (U.S.EPA 1980). Data on MECs for a-endosulfan,

b-endosulfan and endosulfan sulfate from 47 sites in the 16

counties of South Florida from April 1992 to December

2007 were obtained from the SFWMD’s DBHYDRO

monitoring database (http://my.sfwmd.gov/pls/portal/

url/page/PG_GRP_SFWMD_ERA/PG_SFWMD_ERAdb

hydrobrowser). Site numbers and the location of sampling

sites where concentrations were measured with major

agricultural areas are shown in Fig. 1.

When the quotient of the exposure concentration to the

criteria value was greater than 1, an adverse effect (i.e.,

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

are U.S.EPA WQC for a- and b-endosulfan: 0.22 lg/L
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(CMC) and 0.056 lg/L (CCC) but no criterion exists

for endosulfan sulfate (U.S.EPA 1980). In Tier 1, we

compared total endosulfan (i.e., summation of concentra-

tions of a- and b-isomers plus endosulfan sulfate), a- plus

b-endosulfan, and endosulfan sulfate (alone) concentra-

tions at a site to the CMC and CCC from the U.S.EPA

WQC to obtain an HQ. Sites with exceedences of the HQ in

Tier 1 or sufficient data points for creating regressions for

both exposure and effects were then used to focus on sites

for Tier 2-Probabilistic Risk Assessment. Tier 2 included

risk analyses and risk characterization.

Problem formulation

Key properties of endosulfan

Endosulfan has very low water solubility (60–100 lg/L

range) and a moderate to intermediate volatility (vapor

pressure: 10-5–10-7mm Hg) (ATSDR 2000). The a-iso-

mer is more volatile and less persistent than the b-isomer,

which is more volatile than endosulfan sulfate (NRCC

1975; Goebel et al. 1982; Guerin 2001). Henry’s law

constant (i.e., ratio of vapor pressure in air to liquid phase

water solubility) of the a-isomer (6.7 9 10-6 atm m3

mol-1) is almost an order of magnitude greater than the

b-isomer (6.7 9 10-7 atm m3 mol-1) indicating it is more

rapidly dissipated from water. Volatilization will thus be a

major removal route for endosulfan from the aquatic

environment (NRCC 1975). Recently it has been shown

that dissipation by volatilization from surface water is

significant in the field (Laabs et al. 2007; Pablo and Hyne

2009). Enhanced rates of volatilization of the a-isomer are

evidenced by higher concentrations of this isomer in the

atmosphere (Yao et al. 2008).

The log of the octanol–water partition coefficient (log

Kow) is [3–4.8 for the two isomers and endosulfan sulfate

(GFEA 2007; U.S.EPA 2002). 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

2002; Zhou et al. 2003) and the b-isomer, is preferentially

adsorbed compared to the a-isomer, from water to a range

of surfaces, including sediments (Walse et al. 2002; Pet-

erson and Batley 1993). The b-isomer is thus more per-

sistent. The Kd for endosulfan also increases with increases

in soil organic carbon content (Peterson and Batley 1993;

Parkpian et al. 1998). The high organic carbon normalized

sorption coefficients (Koc = 10, 600–13,500) for endosul-

fan (technical) and the a- and b-isomers (U.S.EPA 2002;

Wauchope et al. 1992) indicate they all strongly adsorb to

soils and sediments.

Hydrolysis of both isomers is the likely degradation

route in alkaline waters (pH [7) (NRCC 1975; U.S.EPA

2002). Endosulfan diol is the major decomposition product

from alkaline hydrolysis (Goebel et al. 1982). Under acidic

conditions (pH \7), both isomers are stable to hydrolysis.

However, the b-isomer is more readily hydrolyzed to

endosulfan diol in water (Cotham and Bidleman 1989;

Miles and Moy 1979; Peterson and Batley 1993; Walse

et al. 2002, 2003). The sulfate is more resistant to hydro-

lysis than either isomer (Guerin 2001). The a- and b-iso-

mers are resistant to photolysis in water (Goebel et al.

1982; U.S.EPA 2002) while the sulfate and diol metabo-

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

documents/hsg/hsg017.htm).

Endosulfan sulfate is the major oxidation product

expected in water and sediment under aerobic conditions as a

result of biological transformation by a variety of fungi and

bacteria (Navarro et al. 2000; NRCC 1975; Shivaramaiah

et al. 2005; Sutherland et al. 2000, 2004; U.S.EPA 2002).

The a-isomer is more prone to oxidation to endosulfan sul-

fate than the b-isomer in water (Walse et al. 2003).

In general, the rates of hydrolysis and photolysis in

water of the b-isomer are more rapid than the a-isomer

(Sutherland et al. 2004). When volatilization is controlled

and the major transformation pathways are abiotic the

half-life of the b-isomer is less than with the a-isomer
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Fig. 1 South Florida Water Management District (SFWMD) sites

with endosulfan monitoring data. Black circles indicate sites with

exceedences of water quality criteria. White circles indicate sites

with analytical data but no exceedences. The black dotted line is the

Everglades National Park (ENP) boundary

882 G. M. Rand et al.

123

http://www.inchem.org/documents/hsg/hsg017.htm
http://www.inchem.org/documents/hsg/hsg017.htm


(Sutherland et al. 2004). In typical sediment–water sys-

tems, where volatilization is a major transformation route,

the a-isomer has a shorter half-life than the b-isomer.

Increased rates of volatilization by the a-isomer are

reflected in the atmosphere where this isomer is usually

higher in concentration than the b-isomer (Yao et al. 2008).

Therefore, in an aquatic system of the two isomers, the

b-isomer is typically more persistent.

The physical–chemical and environmental fate chemis-

try characteristics provide support for the reasons why the

a-isomer and the sulfate are the two most prevalent endo-

sulfan substances detected in animal tissue in locations

distant from initial agriculture application sites of technical

grade material (GFEA 2007).

Mode of toxic action

Endosulfan is a neurotoxicant since it binds to the gamma-

aminobutyric acid (GABA)-gated chloride channel recep-

tor inhibiting GABA-induced chloride flux across mem-

branes in the central nervous system (Ffrench-Constant

1993, 2000; Hassall 1990; IRAC 2007).

Ecosystems at risk

The South Florida freshwater ecosystem was the focus of

this aquatic risk assessment (Fig. 1). South Florida covers

16 counties from south of Orlando, in the center of the

State to the Florida Keys at the southern tip and is under

the jurisdiction of the SFWMD (Fig. 1). It encompasses a

variety of freshwater habitats and is dominated by the

watersheds of the Kissimmee River and Lake Okeechobee

in the north and the Everglades in the south and includes

*2,250 km (1400 mi) of freshwater canals (Rand and

Gardinali 2004). The subtropical climate, long crop-

growing season, application frequency, and multitude of

pesticides used (e.g., mosquito and termite control, golf

courses and landscape management) along with the acute

toxicity and potential residual activity of endosulfan iso-

mers and the sulfate renders them particularly hazardous in

South Florida ecosystems.

Ecological effects

The aquatic toxicity test database on endosulfan is com-

posed of studies with primarily technical grade endosulfan

(a- plus b-isomers) in water and limited data on a- and

b-isomers and the transformation product, endosulfan sul-

fate. A review of the acute toxicity data for endosulfan

(technical) to aquatic organisms shows a concentration

range of 0.1 (striped bass, Morone saxatilis) to 166

(Daphnia magna) lg/L (U.S.EPA 2002, 2007). Fish gen-

erally have the lowest acute toxicity values for endosulfan

(technical) compared to invertebrates (i.e., arthropod and

non-arthropod), which is also supported in a recent inves-

tigation using 88 acute 48 h- and 96 h- LC50 laboratory

studies (see Appendix 1 in Hose and Van den Brink 2004).

Sparling and Fellers (2009) determined an LC50 of

0.55 lg/L for endosulfan (technical) and larvae of the

amphibian (Rana boylii).

The U.S.EPA (2007) risk assessment document shows

that the 96 h-LC50 of endosulfan sulfate (3.8 lg/L) for

bluegill sunfish (Lepomis macrochirus) is similarly toxic to

technical endosulfan (1.7 lg/L). Furthermore, recent

96 h-LC50 studies show that native South Florida freshwater

fish are also sensitive to endosulfan sulfate (96 h-

LC50s = 1.9–3.0 lg/L) and the slope of the concentration–

response curves for LC50s is steep, indicating that large

increases in species mortality are associated with relatively

small increases in endosulfan sulfate water concentrations to

which the fish are exposed (Carriger et al. in preparation).

Alpha and beta isomers are also acutely toxic (low lg/L

range) to aquatic organisms and it has been shown that the

a-isomer is more toxic than the b-isomer, and that a- ?

b-endosulfan and endosulfan sulfate are both toxic to rain-

bow trout (Oncorhynchus mykiss) and the amphipod

Hyalella azteca (Wan et al. 2005). There is limited toxicity

data for aquatic organisms on the effects of chronic exposure

to endosulfan (technical). The limited chronic effects data

indicate that the NOECs for the fathead minnow (Pimep-

hales promelas) and the cladoceran, Daphnia magna were

0.2 and 2.0 lg/L, respectively (U.S.EPA 2002). The most

sensitive endpoints in these studies were reduced growth and

survival. There were no chronic aquatic toxicity data with the

isomers and endosulfan sulfate.

Acute exposure to endosulfan, (technical) at environ-

mentally realistic surface water concentrations, was

observed to produce effects on relevant biological param-

eters typically measured in partial or full life cycle chronic

fish toxicity tests, where organisms are exposed for

extensive periods of time. For example, short-term, pulse

exposure (24 h) to endosulfan (0.01–1.0 lg/L) on the

medaka fish (Oryzias latipes), increased egg hatching time,

decreased fry size and decreased mobility (Gormley and

Teather 2003). Upon reaching sexual maturity fish dis-

played increased or decreased egg production, depending

on exposure time and increased hatching time of eggs.

Effects were not dose-dependent, with eggs or fry exposed

to the intermediate concentration (0.01 lg/L) of endosulfan

typically producing the greatest response. Willey and

Krone (2001) also found that 10 days of exposure of zeb-

rafish (Danio rerio) embryos up to 1 lg/L endosulfan

resulted in higher incidence of mortalities. Recently, bio-

logical changes over two generations were noted in crim-

son-spotted rainbowfish (Melanotaenia fluviatilis), a model

Australasian freshwater fish, following a 4-h exposure to

A probabilistic aquatic ecological risk assessment 883
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endosulfan concentrations as low as 1 lg/L (Holdway et al.

2008). Significant correlations were found between repro-

ductive and physiological parameters for the first parental

(F0) generation. For example, percentage hatch after

exposure, steady spawning and number of infertile eggs for

exposed female adults were significantly different from

controls. There were also significant reductions in the

percentage hatch of F1 eggs collected from F0 adults. The

NOEC for this study was \1.0 lg/L.

Acute, pulsed exposures are probably the most common

scenario in surface waters for endosulfan after application.

However, in sediment, where the potential residual activity

of the a- and b-isomers and the sulfate increases, chronic

exposure scenarios are more likely, especially adjacent to

agricultural lands during South Florida’s long growing

season. Under the latter scenario, chronic toxicity data

with exposures from sediment are needed for better risk

predictions.

A summary of aquatic field and in situ toxicity studies

with endosulfan applied either directly, or through actual

application concluded that mortality of fish and inverte-

brates is a real concern when endosulfan is applied in

agricultural areas near aquatic systems (Carriger and Rand

2008a). For further information on the characteristics of the

isomers and transformation products, environmental fate

(transformation and persistence), aquatic toxicity and

measured concentrations in non-target areas see the sum-

maries by Carriger et al. (2006), Carriger and Rand (2008a,

b), GFEA (2007), Goebel et al. (1982), NRCC (1975),

Sutherland et al. (2004) and U.S.EPA (2002, 2007).

Assessment and measurement endpoints

For this aquatic ecological PRA in surface water, we

selected survival, growth and reproduction of invertebrates

and fish in South Florida freshwaters as the environmental

value we want to protect. The measurement endpoints

considered all laboratory toxicity data related to survival,

growth and reproduction of organisms.

For tissue concentrations (whole-body) of endosulfan

from fish collected (Gardinali et al. in press) in South

Florida we selected survival of fish species as the envi-

ronmental value worthy of protection. The measurement

endpoint considered laboratory and field tissue data related

to mortality which were compared to the aforementioned

measured concentrations of total endosulfan in fish tissue.

Risk analysis

Exposure assessment

The exposure assessment in Tier 2 (PRA) was designed

to examine the co-occurrence of three potential stressor

exposures (i.e., a- plus b-endosulfan, endosulfan sulfate

alone, and a- plus b-endosulfan plus endosulfan sulfate

(total)) from surface water of South Florida aquatic eco-

systems with the ecological receptors in question, for sites

that contained stressors with HQs greater than 1. Proba-

bility distributions of exposure data for the stressors were

developed based on their measured surface water concen-

trations at sites in South Florida surface waters (Fig. 1) to

assess spatial trends. Exposure data for the stressors were

taken from the SFWMD PEST program database from

April 1992 to December 2007 (R. Pfeuffer, SFWMD;

personal communication). For summation of isomers and

total endosulfan, concentration values less than detection

limits were converted to a zero.

Measured surface water concentrations were used to

develop cumulative log-logistic distributions, using least

squares regression (Giddings et al. 2000). The surface

water concentrations were ranked from lowest to highest

and assigned a centile ranking j at each site using the fol-

lowing equation

j � 100ð Þ= n þ 1ð Þ ð1Þ

where j is the rank number assigned to the data point

and n is the total number of observations (including non-

detects) at each site (Hall and Gardinali 2004). The non-

detects were used to calculate ranks and assumed to be

censored at the lower end of the distribution (Giddings

et al. 2000; Hall et al. 1998). When four or more surface

water concentration values were detected, the data were

plotted and the 90th centile exposure concentrations

were estimated (i.e., for total endosulfan (a- plus

b-endosulfan isomers plus endosulfan sulfate); a- plus

b-endosulfan isomers and endosulfan sulfate alone) from

log-logistic distributions fit to the exposure data. The

estimated 90th centile concentration was used as the

‘‘exposure descriptor’’ (Solomon et al. 1996). The 90th

centile concentration estimate assumes that 90% of the

exposure concentration samples will be below that

descriptor if it comes from an exposure distribution

which is unbiased and which accurately represents the

concentrations found for a location during a given time

period (Giddings et al. 2005).

An exposure analysis was also conducted based on

whole body tissue concentrations of total endosulfan

measured in live fish collected from South Florida fresh-

water marshes and canals. Data for endosulfan in fish tissue

came from Gardinali et al. (in press). Fish tissue data for

endosulfan (lg/kg, ww) were separated into distributions

by species and geographic locations where fish were col-

lected (Fig. 2; Tables 5, 6). To calculate 90th centile

concentration estimates for fish tissue it was assumed that

data were log-logistically distributed.
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Effects assessment

We used toxicity effects distributions for comparisons to

both the surface water and fish tissue concentration distri-

butions. The toxic effects distributions are discussed below.

For comparing toxic effects distributions to surface

water exposure distributions, acute (LC50/EC50) and

chronic (NOEC) laboratory toxicity data for water effects

from technical grade endosulfan and endosulfan sulfate to

freshwater species were used to develop SSDs. The SSD is

used in ecological risk assessment to determine the con-

centration of a chemical stressor that is protective of most

species (e.g., 90–95%) in the environment. They are typi-

cally constructed by fitting a cumulative distribution

function to a plot of species data from laboratory toxicity

tests against rank assigned centiles. Hose and Van den

Brink (2004) indicate that SSD curves and safety data for

endosulfan based on single species laboratory toxicity tests

will be protective of aquatic organisms in outdoor meso-

cosm systems. Separate acute SSDs were developed for

fish and arthropods in this assessment. However, fish were

generally more sensitive than arthropods and different fish

species showed similar acute toxicity to endosulfan (tech-

nical) (Carriger and Rand 2008a, b). Plant groups were not

considered in this analysis due to the limited amount of

data. For chronic SSDs, all toxicity tests for endosulfan

(technical) were combined into one SSD because of limited

chronic toxicity data. No chronic SSDs were created for

endosulfan sulfate because there are only two chronic tests

with aquatic organisms for this metabolite. At least four

species observations were required to construct a SSD but

more was considered optimal.

Toxicity data for technical endosulfan in the SSDs were

developed primarily from the U.S.EPA AQUIRE database

(http://www.epa.gov/ecotox). Chronic toxicity data for

technical endosulfan were also taken from the literature

and a RIVM document used for establishing WQC in the

Netherlands (Van de Plassche et al. 1994). Endosulfan

sulfate toxicity data came from the published literature,

U.S.EPA RED document addendum (2007) and recent

acute toxicity data developed in our laboratory (Carriger

et al. in preparation).

Effects data were screened for usage in SSDs. Toxicity

endpoints that could clearly be related to changes in

population structure such as survival, growth, develop-

ment and reproduction were used in the development of

SSDs. Each species was only used once in a distribution.

Where multiple acceptable toxicity values were available

for a species, the geometric mean of all values was used

in the SSD. Toxicity tests that reported nominal and/or

measured concentrations were also included since Wan

et al. (2005) observed that acute toxicity values based on

measured and nominal concentrations of endosulfan did

not significantly differ in their tests. In addition, species

were selected whether they were residents of North

America or not. Hose and van den Brink (2004) observed

that SSDs constructed with endosulfan and Australian

species were similar to SSDs created with species else-

where. Tests using temperate, sub-tropical and tropical

fish species were also considered. Cold water and warm

water fish had similar toxicity results when the data were

compared therefore all test results were included in the

distribution. Including more species data (i.e., a higher n

value) in a SSD typically creates more statistically robust

estimates.

All effects (toxicity) data used for SSDs were assumed

to fit a log-logistic distribution and ranked and plotted

using the same methods as described for the exposure data.

A log-logistic distribution was chosen due to its established

usage and ease of calculations for the multiple stressor

assessment with endosulfan and endosulfan sulfate

described later. However, effects data were right censored

where toxicity data above the water solubility of the

compound were assigned a rank but not included in the

regression. This was found to reduce bias in a previous

SSD assessment (Solomon et al. 2001). The toxicity

‘‘effects benchmarks’’ selected in this risk assessment were

the 10th and 5th centile concentration estimates (i.e., the

HC5 or the HC10 or hazardous concentration expected to

exceed 5 or 10% of the toxicity values, respectively) from

the SSD (Hall et al. 1999).

Effects data for total endosulfan fish tissue residues were

also collected. The literature indicates that concentrations

of the toxicant (i.e., in whole body) in aquatic organisms

are associated with biological response endpoints (e.g.,

mortality) (McCarty and MacKay 1993; Escher and Her-

mens 2002, 2004). This implies that the whole body

1

2

3

4

5Gulf of 
Mexico

Atlantic
Ocean

Florida Bay

ENP Boundary Biscayne
Bay

Fig. 2 Location groupings of endosulfan fish tissue data in South

Florida. 1 = Shark River Slough, 2 = Tamiami Trail, 3 = Eastern

boundary, 4 = Taylor Slough, 5 = C-111. ENP = Everglades National

Park
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concentration of an organic chemical is a reasonable first

approximation of the amount of chemical reaching the

site(s) of toxic action which is responsible for the adverse

response (e.g., mortality) observed. Therefore, lethality is

expected in an exposure regime when fish reach or exceed

the critical body residue.

The primary sources of information for fish tissue-

residue effects data were available for total endosulfan

from the U.S. Army Corps of Engineers/U.S. Environ-

mental Protection Agency Environmental Residue Effects

Database (http://el.erdc.usace.army.mil/ered/) and Jarvi-

nen and Ankley (1999). Data were screened for whole

body tissue residues of total endosulfan that were asso-

ciated with lethalities in fish. After cross-checking the two

databases, it was determined that data were available from

two sources: Matthiessen et al. (1982) and Schimmel

et al. (1977). The former study measured tissue concen-

trations in dead fish, in the field, after endosulfan was

sprayed in Okavanga Delta, Botswana, in 1978 to control

tsetse flies. Fish were collected within 24 h in shallow

areas around the region sprayed. Specimens collected

were primarily juveniles with the exception of one species

of fish (Pseudocrenilabrus philander). Whole-body lethal

dose information was available for a catfish genus

(Clarias sp.), mouthbrooders (Haplochromis sp.), dwarf

copper-mouth brooder (P. philander), cichlids (Serra-

nochromis sp.), and pooled samples of dead cichlids

(Sarotherodon sp.) and tilapias (Tiliapia sp.). The

Schimmel et al. (1977) study measured tissue concentra-

tions of endosulfan in estuarine fish (pinfish, Lagodon

rhomboides, spot, Leiostomus xanthurus, and striped

mullet, Mugil cephalus) from three laboratory toxicity

tests with technical endosulfan. The fish tissue analyzed

originated from fish in treatments that survived acute

toxicity exposures. All available tissue-residue effects

data were taken from both references. In the Matthiessen

et al. (1982) paper, direct estimates of endosulfan in fish

tissue were used as an effect endpoint (LD or lethal dose).

For the Schimmel et al. (1977) studies, the fish tissue

endpoints were taken from treatments where the propor-

tion of fish found dead was lower than the LD50 (i.e.,

LD35 for two fish species, LD40 for one fish species)

with effective concentrations of 31, 272, and 360 lg/kg

ww for each respective fish species and lethal dose

associated with a proportion of mortality.

All of the above lethal effects from whole body tissue

data of total endosulfan were used for a lethal (whole body)

tissue SSD and were assumed to fit a log-logistic distri-

bution and ranked and plotted using the same method as

described for the aquatic toxicity data. We then calculated

‘‘tissue effects benchmarks’’ for total endosulfan which

were the 10th and 5th centile concentration estimates from

the SSD.

Risk characterization

Individual and multiple stressors

Risk was assessed by comparing the overlap of the insec-

ticide distributions of the surface water exposure concen-

trations for three endosulfan stressors [i.e., a- plus

b-isomers plus endosulfan sulfate (total); a- plus b-iso-

mers, and endosulfan sulfate (alone)] for sites and the SSDs

for arthropods and fish. For acute risks to arthropods, fish

and all species combined (i.e., arthropods and fish), the

estimated 90th centile surface water concentrations for

exposure were compared to the estimated 10th and 5th

centile concentrations of the acute SSD (SETAC 1994).

For chronic risks to aquatic organisms, the estimated 50th

centile surface water concentrations for exposure were

compared to the estimated 10th and 5th centile concen-

trations of the chronic SSD for all species combined (Traas

et al. 2002). The 50th centile concentration was chosen as a

comparison to chronic SSDs because it might be more

representative of background concentrations as 50% of the

exposures are anticipated to be above or below this level at

a site. The 90th centile concentration is located at the upper

portion of the distribution and would be expected to be

encountered less frequently (10% of the time at a site) and

would represent episodic or pulsed exposures. The esti-

mated 90th or 50th centile exposure concentrations applied

to the acute and chronic SSDs were used to calculate the

potentially affected fraction (PAF) of species toxicity val-

ues (Klepper and van de Meent 1997). The PAF approach

was used to assess risk both individually and in joint action

(multiple substance PAF = msPAF) (Traas et al. 2002).

For the individual approach, we evaluated PAFs for the

three potential stressor exposure scenarios (total endosulfan,

a ? b-endosulfan, endosulfan sulfate). Total endosulfan

acute and chronic PAFs were estimated by applying the 90th

centile or 50th centile concentration estimate from total

endosulfan exposure distributions (summation of a-endo-

sulfan ? b-endosulfan ? endosulfan sulfate) to the SSDs

for technical endosulfan. The a- ? b-endosulfan acute PAF

was estimated by applying the 90th centile concentration

estimate from the sum of a- ? b-endosulfan isomers

exposure distribution to the acute SSD for technical endo-

sulfan. The endosulfan sulfate acute PAF was estimated by

applying the 90th centile concentration estimate from the

endosulfan sulfate exposure distribution to the endosulfan

sulfate acute SSD. From the intersection of the 90th centile

or 50th centile exposure concentration estimate on the acute

or chronic SSDs, a fraction of toxicity values expected to be

affected, or a PAF value, was calculated.

After we calculated the PAFs from exposure scenarios

with a- ? b-endosulfan and endosulfan sulfate, we applied a

multiple stressor model for PRA (the msPAF model) (Traas
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et al. 2002). This model was previously used to estimate

potential risks from total endosulfan with other pesticides in

the South Florida system by Carriger and Rand (2008b).

The msPAF model is a tool that moves PRA away from

focusing exclusively on the potential risk of single chemical

exposures. Distributions of toxicity and exposure values for

single chemicals are used in the msPAF model and they are

then brought together for overall estimates of potential risk.

Using the msPAF model, we compared exposure data for

endosulfan sulfate and a- ? b- endosulfan to their respec-

tive SSDs and then brought the individual risk predictions

together for an overall estimate of risk, i.e., the msPAF. In

the previous sections, the detected values of a-endosulfan,

b-endosulfan and endosulfan sulfate were summed for each

sample and log-logistic distributions were fit to the sums for a

total endosulfan assessment. The msPAF approach bypasses

the need to sum endosulfan sulfate with the isomers to create

an exposure distribution for total endosulfan. As long as

there are sufficient toxicity data, the exposure distributions

for both a- ? b-endosulfan and endosulfan sulfate are suf-

ficient for characterizing the risk of total endosulfan in the

msPAF approach. However, the msPAF does not directly

address the likelihood of co-occurrence but inferential-based

techniques might be used to extend the msPAF approach for

a more comprehensive estimate of ecological risk.

The msPAF approach was used with a concentration

addition (CA) model (Traas et al. 2002). Concentration

addition was applied under the assumption that the chem-

icals do have the same mode of action and the effects are

additive for all chemicals in a mixture. In CA chemicals do

not possess toxicological interaction (e.g., synergism).

To implement the CA version of the msPAF model, the

concentration of concern for each chemical at a site was

transformed to hazard units (HU) representing the relative

potency of the actual measured environmental concentra-

tion to an SSD (Traas et al. 2002):

HU ¼ CENV

10a�
ð2Þ

where CENV is an exposure concentration of concern (e.g.,

the estimated 90th centile surface water concentration from

a distribution of exposure) and a* is the mean of log tox-

icity data for that particular chemical and can be calculated

from the slope, b, and intercept, a, of a log-logistic dis-

tribution with a* = -a/b. There are no units for HU and

the transformation of exposure concentrations to HUs is

similar to the scaling of toxic units in classical applications

of CA theory (Traas et al. 2002).

The estimated parameter b* can be calculated from the

slope, b, of a log-logistic distribution as b* = 1/b. For both

technical endosulfan and endosulfan sulfate SSDs the b*

parameters are joined together (averaged) and substituted

into the following equation (from Traas et al. 2002):

PAFTMoA ¼
1

1þ e� logð
P

HUTMoAÞ=b
�
TMoA

ð3Þ

The sum of the HUs from a particular centile

concentrations of the relevant exposure distributions can

be substituted into the equation above. For the msPAF

values for CA, HUs were summed for distributions of

(a- ? b-endosulfan) and endosulfan sulfate at S-177 and

S-178. Fish SSDs for technical endosulfan and endosulfan

sulfate were used to run the model under the assumption

that, as a grouping, fish share a similar molecular site of

action to endosulfan. For the calculation of HUs for

endosulfan sulfate and the a ? b isomers, the parameters

a* from the fish SSD for endosulfan sulfate and for

technical endosulfan were applied. However, only the

parameter b* from technical endosulfan was used since the

steeper slope observed from endosulfan sulfate might bias

the results due to the low number of available freshwater

fish toxicity tests used to construct the distribution (n = 5).

As a comparison to the risk output from the total

endosulfan assessment, the joint risk from individual

distributions of a- ? b-endosulfan and endosulfan sulfate

at S-177 and S-178 was evaluated.

In order for the Traas et al. (2002) modifications to CA

to work, the slopes of the SSDs for the separate chemicals

(i.e., b*) must be similar. De Zwart et al. (2002) found that

SSDs created for separate compounds with a shared mode

of action have similar slopes. Therefore, the slopes of

separate SSDs with the same mode of action are averaged

together under the assumption that they are similar in the

msPAF-CA model.

Joint probability curves

The last step in the PRA used joint probability curves (JPCs;

or exceedence profiles) for endosulfan at sites which dis-

played the highest PAF values. Joint probability curves were

constructed by applying the various centiles of the exposure

distribution for endosulfan (a- ? b-) and endosulfan sulfate

to log-logistically derived effects distributions (SSDs) for

arthropods and fish following the PAF methodology of

Traas et al. (2002). The JPCs characterize ‘‘the relationship

between magnitude of effect and the probability of occur-

rence for that effect’’ (ECOFRAM 1999). Joint probability

curves were used to determine the proportion of toxicity

values in the SSD that were exceeded over the duration of

exposures at sites S-177 and S-178 from 1992 to 2007. This

approach provides a means of comparing relative potential

risk at sites when the toxicity data base and exposure

information are adequate. For each potential risk scenario,

risks were also described using area under curves of the

resulting JPCs. Area under the curve calculations were

made in order to completely compare the exceedence of the
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toxicity data by the exposure data for each risk scenario.

When the JPC likelihood and exceedence data are input as

proportions rather than percentages, the area under the curve

can be used as a surrogate for the mean risk of a scenario

(Giddings et al. 2005; Aldenberg et al. 2002). Areas under

curves were calculated using the SigmaPlot 11.0 Area

Below Curves macro (Systat 2008) following methods

described in Giddings et al. (2005). The trapezoidal rule was

utilized to calculate the areas (Systat 2008):

Area ¼
Xn�1

i¼0
yi xiþ1 � xið Þ þ 0:5 yiþ1 � yið Þ xiþ1 � xið Þ½ �

ð4Þ

The resulting area estimates were multiplied by 100 to

describe the mean risk as a percentage rather than as a

proportion (Giddings et al. 2005).

Fish tissue

The log-logistic distribution of lethal body (whole) burden

endosulfan (total) data taken from the literature were

compared to log-logistic distributed tissue residue con-

centrations of endosulfan (total) in South Florida fish

(Gardinali et al. in press) grouped either by species or

geographic location. Risk was characterized for a species

or location if a sufficient number of fish species or fish

within a location were found with measured endosulfan

concentrations (n C 4). Fish tissue residue data were

available in Shark River Slough (1), Tamiami Trail (2), the

eastern boundary of the Everglades National Park (ENP)

(3), Taylor Slough (4), and the C-111 canal system (5)

(Fig. 2). Risks at geographic locations were estimated for

Shark River Slough (1), the eastern boundary of the ENP

(3), Taylor Slough (4), and the C-111 canal system (5). The

n value was either too low or the distribution was too

uncertain to estimate risks at Tamiami Trail (2). The dis-

tributions of fish tissue endosulfan residues by species and

location were used to estimate a 90th centile concentration

and predict the PAF of that concentration for lethal body

burdens from the literature. Comparisons were done on a

wet weight basis for both exposure and effects. Joint

probability curves were also created to represent excee-

dences of the distribution of lethal dose residues by mea-

sured concentrations of endosulfan (total) in fish tissues for

various species and geographic locations.

Results and discussion

Tier 1

In the first tier, data were screened for detections of

endosulfan (a-, b- and endosulfan sulfate) in surface waters

of freshwater canals from the SFWMD pesticide monitor-

ing program. Measured concentrations of endosulfan from

the SFWMD monitoring program were compared to the

U.S.EPA’s WQC for a- and b-endosulfan (i.e., the CCC

and the CMC). The state of Florida WQC guidelines (Class

III freshwater uses) are equivalent to the U.S. EPA’s CCC

for endosulfan. Endosulfan sulfate was also compared to

the CCC and CMC and then summed with a- ? b-endo-

sulfan for comparisons of total endosulfan.

The majority of endosulfan detections and a and b water

quality violations were found at locations in the C-111

system (i.e., S-177 and S-178; Fig. 1), which is a buffer

zone near the southeastern boundary of ENP in South

Florida which separates the C-111 from highly productive

subtropical agricultural lands and urban development to the

east. At S-177, a-endosulfan was detected 21 times,

b-endosulfan was detected eight times and endosulfan

sulfate was detected seven times. The CCC was not

exceeded for the summation of the a ? b isomers or for

endosulfan sulfate. For total endosulfan, the CCC was

exceeded twice at S-177. The CMC was not exceeded. At

S-178, a-endosulfan was detected 31 times, and b-endo-

sulfan was detected 23 times. However, unlike S-177,

endosulfan sulfate was found 50 times, approximately two

times that of the isomers. Chronic WQC (CCC) excee-

dences for a- ? b-endosulfan were only found nine times.

However, CCC exceedences for total endosulfan

(a ? b ? endosulfan sulfate) were found 34 times. Acute

WQC (CMC) exceedences for a- ? b-endosulfan were

only observed once while CMC exceedences for endosul-

fan sulfate and total endosulfan were found seven and eight

times, respectively. Endosulfan sulfate was detected less

than 20% of the time at all sites with the exception of

S-178 where it was found in more than 65% of the samples.

Downstream from S-178, S-18C had comparatively few

detections of endosulfan. The CCC was exceeded once for

endosulfan sulfate and once for total endosulfan at S-18C

from the same sample. Outside of certain sites monitored

regularly between 1992 and 2007, data were inconsistent.

Some sites such as S-332, S-332B, S-332C, and S-332D

had samples taken from different water quality projects by

the SFWMD. Sites where endosulfan was found sporadi-

cally (\4 overall detections) included BERMB3 (only four

samples taken), C51SR7 (sampled only between 1997 and

1999), FECSR78, G-211, L3BRS, GORDYRD, L40-1,

S-355A, S-6, S-7, S-79, and S-8. Additional sites had non-

detections for endosulfan in several samples and were not

regularly monitored. Summing the isomers with endosulfan

sulfate (total endosulfan) for comparisons to the WQC

sometimes showed more exceedences.

From the number of detections (n C 4), nine sampling

sites (Acme1DS, G94D, S-176/S-332D, S-177, S-178,

S-18C, S-331, S-332, and S-80) were chosen for higher tier
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analysis. Four or more detections were the minimum

deemed necessary to create a log-logistic regression of

exposure data. Acme1DS is located adjacent to the Ever-

glades Agriculture Area and on the boundary of Water

Conservation Area 1. S-176, S-177, S-178, S-18C, and S-

332 are located in or near the C-111 canal system in the

southern portion of the state. S-331 is north of the C-111

basin on the L-31N canal. S-80 is in St. Lucie County and

discharges water into the South Fork of the St. Lucie River

from C-44 which is connected to Lake Okeechobee. Of the

canals sampled, S-18C currently inputs water to the ENP

and S-332D controls water levels in L-31W and the

S-332D detention basin which discharges into the ENP.

Tier 2

Risk analysis (exposure)

Table 1 presents the log-logistic exposure regression sta-

tistics of total endosulfan (a ? b endosulfan and endosulfan

sulfate), a ? b endosulfan and endosulfan sulfate (alone)

for each of nine sites. The highest 90th centile concentration

estimates were all found at S-178 (0.31 lg/L for total;

0.05 lg/L for a ? b endosulfan; 0.30 lg/L for endosulfan

sulfate) in C-111. The STORET database for surface water

monitoring data in the U.S. indicates a similar (0.31 lg/L)

90th centile value (U.S.EPA 2002). S-178 is a site, sur-

rounded by agriculture, near a gated structure located on a

shallow drainage canal which controls flows from Loveland

Slough to the mainstem of C-111. The next highest 90th

centile concentration estimates for total endosulfan and the

sum of the a ? b isomers were found at S-177. The second

highest 90th centile concentration estimate for endosulfan

sulfate was found at Acme1DS but detections of endosulfan

sulfate were infrequent at Acme1DS (5 detected concen-

trations out of 43 samples). Distributions with five or fewer

detected concentrations tended to be less robust.

Table 2 presents the statistics for the log-logistic dis-

tribution of total endosulfan concentrations in fish tissue by

species. The highest and next highest 90th centile con-

centrations for endosulfan tissue estimates were in flagfish

(Jordanella floridae) and marsh killifish (Fundulus con-

fluentus). Mosquitofish (Gambusia affinis) were captured

more than any other fish species and their 90th centile

concentration estimate was the third highest. The 90th

centile concentration for endosulfan in the tissue of the

Mayan cichlid (Cichlasoma urophthalmus), a non-native

fish species, was similar to that in mosquitofish. For sailfin

molly, six samples (i.e., five detections) contained total

endosulfan whole body residues ranging from 3.4 to

99.8 lg/kg (ww). The latter value was the highest detected

concentration of endosulfan found in any of the fish sam-

ples. However, the log-logistic distribution did not fit the

data well and we did not include it in our exposure

analyses.

Table 3 presents the statistics for the distribution of total

endosulfan concentrations in fish tissue by region. The 90th

centile concentration estimate for total endosulfan in fish

Table 1 Total endosulfan (a ? b?sulfate), a- ? b-endosulfan, and endosulfan sulfate exposure statistics for log-logistically distributed

concentrations

Exposure

grouping

Site Number of times

analyzed

Number of

detections

Slope Intercept r2 p-value for

the slope

90th centile

(lg/L)

Total endosulfan Acme1DS 43 5 1.465 5.535 0.81 3.66E-02 0.0053

G94D 44 4 0.957 4.325 0.995 2.33E-03 0.0060

S-176 68 9 2.459 7.637 0.98 5.41E-07 0.0061

S-177 68 23 2.625 6.370 0.88 5.54E-11 0.0257

S-178 68 50 2.379 3.395 0.92 1.82E-28 0.3136

S-18C 68 7 1.893 6.687 0.92 5.98E-04 0.0042

S-331 68 4 2.389 8.417 0.98 1.01E-02 0.0025

S-332 43 5 2.155 7.417 0.81 3.75E-02 0.0038

S-80 68 4 0.971 5.233 0.84 8.57E-02 0.0007

a- ? b- endosulfan S-176 68 9 2.699 8.170 0.99 5.94E-08 0.0061

S-177 68 22 2.801 6.904 0.84 1.56E-09 0.0209

S-178 68 29 2.222 5.035 0.93 5.48E-17 0.0528

S-18C 68 5 5.702 15.869 0.94 6.37E-03 0.0040

S-332 43 5 2.155 7.417 0.81 3.75E-02 0.0038

Endosulfan sulfate Acme1DS 43 5 1.791 6.373 0.66 9.27E-02 0.0047

S-177 68 7 1.611 6.110 0.92 7.08E-04 0.0037

S-178 68 44 2.192 3.353 0.80 2.47E-16 0.2969
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tissue at the eastern boundary of the ENP was the highest

and ten times greater than the 90th centile concentration

estimate at the C-111 system. The 90th centile fish tissue

concentration estimate for total endosulfan in Shark River

Slough was nearly 18 times lower than at the eastern

boundary of the ENP. Tamiami Trail had three measured

endosulfan concentrations in fish tissue out of six samples

which ranged from 0.59 to 5.3 lg/kg ww. Located in the

southern end of the eastern boundary of the ENP, Taylor

Slough had the second highest 90th centile concentration

estimate for total endosulfan in fish tissue at 39.8 lg/kg

ww. This was largely due to a site where several fish

species were collected located at the southern end of the

eastern boundary of the ENP in Taylor Slough. Other sites

from Taylor Slough had individual measured concentra-

tions that were all below the 90th centile concentration

estimates for other geographic locations.

In fish tissue, endosulfan sulfate was the major con-

tributor to all total endosulfan concentrations and it was

detected at greater frequencies than a- and b-endosulfan

(Gardinali et al. in preparation). Examples of long-term

retention of the sulfate metabolite are present in the liter-

ature. A recent dietary bioaccumulation study [92-d phase

of feeding endosulfan-enriched diet (uptake phase) fol-

lowed by a 56-d phase of control diet (depuration phase)]

with Atlantic salmon (Salmo salar) showed: higher uptake

and lower elimination for b-isomer than a-isomer resulting

in higher dietary bioaccumulation of b-endosulfan (than

a-endosulfan) from feed to fillet (Berntssen et al. 2008).

Despite the fact that a- and b-isomers were rapidly elimi-

nated during the depuration period; and although endo-

sulfan sulfate, the metabolic breakdown product (not

detected in feed or control fish), contributed only 1.2% of

the total endosulfan, it remained unchanged in the organ-

ism during the 56-d depuration phase. In water and sedi-

ment, endosulfan sulfate is the major oxidation product

typically found under aerobic conditions (Shivaramaiah

et al. 2005; U.S.EPA 2002). Therefore, based on the like-

lihood of exposures of aquatic organisms from water and

sediment and its propensity to remain in tissue, it is not

surprising that endosulfan sulfate was the major endosulfan

product detected in the tissue analyzed by Gardinali et al.

(in preparation).

Risk analysis (effects)

A summary of the statistics for log-logistically distributed

freshwater acute and chronic toxicity SSDs for endosulfan

(technical) and acute toxicity SSDs for endosulfan sulfate,

including 10th and 5th centile concentration estimates are

presented in Table 4. When the term ‘‘all species’’ is used

it indicates that the results of all toxicity tests were grouped

together into one SSD to obtain 10th and 5th centile

concentration estimates for effects. The chronic SSD for

Table 2 Endosulfan (total) fish tissue (whole body) residue 90th centile concentration estimates from log-logistically distributed data by species

Species Number of times

analyzed

Number of

detections

Slope Intercept r2 p-value for

the slope

90th centile

(lg/kg ww)

All species 85 74 2.208 -1.077 0.97 5.46E-56 30.4

Flagfish (Jordanella floridae) 10 7 1.823 -1.135 0.96 1.29E-04 67.2

Jewel cichlid (Hemichromis bimaculatus) 5 5 3.367 0.116 0.97 2.63E-03 4.2

Mayan cichlid (Cichlasoma urophthalmus) 11 9 1.742 -0.469 0.94 1.33E-05 33.9

Mosquitofish (Gambusia affinis) 15 14 2.331 -1.500 0.97 1.20E-10 38.6

Marsh killifish (Fundulus confluentus) 10 9 2.866 -2.632 0.96 2.94E-06 48.4

Sunfish 13 11 2.410 0.150 0.93 1.36E-06 7.1

ww wet weight

Table 3 Endosulfan (total) fish tissue (whole body) residue 90th centile concentration estimates from log-logistically distributed data by

location

Location Number of times

analyzed

Number of

detections

Slope Intercept r2 p-value for

the slope

90th centile

(lg/kg ww)

All freshwater sites 85 74 2.208 -1.077 0.97 5.46E-56 30.4

C-111 17 16 3.905 -0.687 0.95 2.85E-10 5.5

Eastern boundary 42 41 2.706 -2.563 0.95 2.43E-27 57.5

Shark River Slough 11 5 3.131 0.588 0.97 1.83E-03 3.3

Taylor Slough 9 9 1.943 -0.912 0.90 8.77E-05 39.8

ww wet weight
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technical endosulfan had the lowest 10th and 5th centile

concentration estimates for endosulfan.

For the lethal residue concentration data, three estuarine

fish were used from the study by Schimmel et al. (1977)

and seven field-collected freshwater fish were used from

the study by Matthiessen et al. (1982). The effect values in

Matthiessen et al. (1982) were expressed as lethal con-

centrations in pooled dead fish tissues while the effect

values in Schimmel et al. (1977) were from test treatments

where proportions of fish died from exposures to technical

endosulfan. Both studies measured total endosulfan (i.e., a,

b, and sulfate). From Schimmel et al. (1977), three fish

were tested and the effect value chosen was from a treat-

ment with a percent death at the LD35 and LD40. Because

the catfish (Clarias sp.) were grouped into one sample for

analysis by Matthiessen et al. (1982), the whole body

concentration producing an effect is one number. Likewise,

dead Sarotherodon sp. and Tilapia sp. were pooled for

analysis in the same study so a single concentration was

used to represent the latter two species in risk character-

ization. When all eight fish tissue residue lethal response

data points were placed in a log-logistic distribution, the

10th centile concentration was estimated to be 30.9 lg/kg

ww, the 5th centile concentration was estimated to be

13.2 lg/kg ww, the slope was 2.019, the intercept was

-5.207, the r2 was 0.90, and the p-value for the slope was

0.00074.

Risk characterization

Potentially affected fraction (PAF) Table 5 contains PAF

(%) values for the estimated 90th centile exposure con-

centrations from log-logistic exposure distributions when

applied to the acute SSDs. Potential exceedence of 10% of

the toxicity values was found at S-178 on the C-111 system

where the estimated 90th centile concentration for total

endosulfan potentially exceeded 12.5% of the acute

freshwater fish toxicity values. For arthropods, at the same

site, the estimated 90th centile concentration for total

endosulfan potentially exceeded 7.9% of the acute fresh-

water arthropod toxicity values. In contrast, the estimated

90th centile total endosulfan exposure value at S-177

potentially exceeded 2.0% of the acute arthropod toxicity

values and 1.0% of the fish toxicity values. All other sites

had less than a 5% exceedence of freshwater acute toxicity

values by the estimated 90th centile exposure concentra-

tion. Although low (\5%), potential risks for a ? b
endosulfan were higher than for endosulfan sulfate at S-178

and S-177, where sufficient data were available to create

exposure distributions. Note that risk from endosulfan

sulfate is low because of the steep acute toxicity (mortality)

distribution for the sulfate and also because of the minimal

exceedences of effects distribution by concentrations in

water.

Carriger and Rand (2008b) and Carriger et al. (2006)

also observed that the majority of the exceedences of

toxicity values for measured concentrations of endosulfan

in surface water and sediment were found at S-178. In the

U.S.EPA aquatic PRA for application of endosulfan to

tomatoes in Florida, they also recognized the high likeli-

hood for mortality in aquatic species following application

(U.S.EPA 2002).

Table 6 contains the PAF (%) values for the chronic

toxicity exceedences when the estimated 50th centile

exposure concentrations were compared to the chronic

toxicity distribution of technical endosulfan (for all species

toxicity tests combined). Potential chronic risk ([5% PAF

value) was only found at S-178 (9.2% PAF value). All

other chronic PAF values were below 5%, with S-177

being the only site that exceeded 3%.

Multiple substance potentially affected fraction (msPAF)

The results from the acute msPAF risk characterization for

freshwater fish and acute exposures to both isomers toge-

ther (summed for a sample) and endosulfan sulfate alone

are shown in Table 7. For the individual PAF values, the

Table 4 Log-logistic species sensitivity distribution statistics for endosulfan aquatic toxicity data by test duration and species

Test exposure condition Number of different

species

b (Slope) a (Intercept) r2 p-value for

the slope

10th centile

(lg/L)

5th cenile

(lg/L)

Technical endosulfan–acute all 64a 1.250 -1.476 0.90 1.44E-32 0.26 0.067

Technical endosulfan–acute fish 36 2.435 -0.724 0.98 6.64E-30 0.25 0.12

Technical endosulfan–acute arthropods 25b 1.316 -1.790 0.97 1.56E-18 0.49 0.13

Technical endosulfan–chronic 6b 0.934 -0.957 0.85 8.93E-03 0.047 0.0074

Endosulfan sulfate–acute all 7c 4.334 -2.164 0.95 1.73E-04 0.98 0.66

Endosulfan sulfate–acute fish 5 7.595 -2.785 0.99 1.71E-04 1.2 0.95

a Fifteen additional species LC/EC50s were above the water solubility of endosulfan
b One additional species LC/EC50 was above the water solubility of endosulfan
c Two additional species LC/EC50s were above the water solubility of endosulfan
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Table 5 Potentially affected

fraction (PAF) of the alpha and

beta, sulfate, and total

endosulfan acute toxicity values

at the 90th centile of the

exposure distribution and area

under curves for joint

probability diagrams

All species refer to all

freshwater species in acute tests.

Fish and arthropods refers to

only freshwater fish and

arthropod species

Site Chemical PAF (%) 90th centile

(lg/L)

Area under the joint

probability curve

(mean risk %)

Acme1DS Total endosulfan–all species 1.3 0.0053 0.62

Total endosulfan–arthropods 0.8 0.0053 0.40

Total endosulfan–fish 0.2 0.0053 0.25

Endosulfan sulfate–all species 0.0 0.0047 0.00

Endosulfan sulfate–fish 0.0 0.0047 0.00

G94d Total endosulfan–all species 1.4 0.0060 0.93

Total endosulfan–arthropods 0.9 0.0060 0.67

Total endosulfan–fish 0.2 0.0060 1.08

S-176 Total endosulfan–all species 1.4 0.0061 0.70

Total endosulfan–arthropods 0.9 0.0061 0.44

Total endosulfan–fish 0.2 0.0061 0.12

a ? b endosulfan–all species 1.4 0.0061 0.72

a ? b endosulfan–arthropods 0.9 0.0061 0.45

a ? b endosulfan–fish 0.2 0.0061 0.11

S-177 Total endosulfan–all species 3.0 0.0257 1.52

Total endosulfan–arthropods 2.0 0.0257 1.00

Total endosulfan–fish 1.0 0.0257 0.49

a ? b endosulfan–all species 2.7 0.0209 1.40

a ? b endosulfan–arthropods 1.8 0.0209 0.91

a ? b endosulfan–fish 0.8 0.0209 0.39

Endosulfan sulfate–all species 0.0 0.0037 0.00

Endosulfan sulfate–fish 0.0 0.0037 0.00

S-178 Total endosulfan–all species 10.9 0.3136 5.26

Total endosulfan–arthropods 7.9 0.3136 3.77

Total endosulfan–fish 12.5 0.3136 5.07

a ? b endosulfan–all species 4.4 0.0528 2.10

a ? b endosulfan–arthropods 3.0 0.0528 1.42

a ? b endosulfan–fish 2.1 0.0528 1.12

Endosulfan sulfate–all species 1.2 0.2969 1.62

Endosulfan sulfate–fish 0.1 0.2969 1.79

S-18C Total endosulfan–all species 1.2 0.0042 0.54

Total endosulfan–arthropods 0.7 0.0042 0.34

Total endosulfan–fish 0.2 0.0042 0.11

a ? b endosulfan–all species 1.1 0.0040 0.75

a ? b endosulfan–arthropods 0.7 0.0040 0.46

a ? b endosulfan–fish 0.1 0.0040 0.07

S-331 Total endosulfan–all species 0.9 0.0025 0.43

Total endosulfan–arthropods 0.5 0.0025 0.26

Total endosulfan–fish 0.1 0.0025 0.05

S-332 Total endosulfan–all species 1.1 0.0038 0.52

Total endosulfan–arthropods 0.7 0.0038 0.32

Total endosulfan–fish 0.1 0.0038 0.08

a ? b endosulfan–all species 1.1 0.0038 0.52

a ? b endosulfan–arthropods 0.7 0.0038 0.32

a ? b endosulfan–fish 0.1 0.0038 0.08

S-80 Total endosulfan–all species 0.5 0.0007 0.32

Total endosulfan–arthropods 0.3 0.0007 0.22

Total endosulfan–fish 0.0 0.0007 0.18

892 G. M. Rand et al.

123



90th centile concentration estimate was taken from the

exposure distributions for the summation of a ? b endo-

sulfan and for the distributions for endosulfan sulfate alone

at S-177 and S-178 in Table 1. Using the estimated 90th

centile concentrations from a- ? b-endosulfan and endo-

sulfan sulfate alone in the msPAF approach gave similar

risk estimates (0.9% for S-177; 12.2% for S-178) to the

PAF estimated from total endosulfan (1.0% for S-177;

12.5% for S-178). Thus, the msPAF approach for a- ?

b-endosulfan and endosulfan sulfate gave similar results to

the total endosulfan PAF approach when a similar slope is

assumed between the SSDs for technical endosulfan and

endosulfan sulfate and fish.

Joint probability curves (JPCs) The JPCs for S-177 and

S-178 and fish and arthropod toxicity values are presented

in Fig. 3. S-177 and S-178 were selected because these

sites had the highest overall potential risks with the PAF

approach. With a JPC, a greater potential for risk can be

observed when the curve is further away from the axes

(Solomon et al. 2000). At S-177 the greatest potential for

acute risk is for freshwater arthropods and total endosulfan

exposure. At S-178, the greatest potential for acute risk is

for fish and total endosulfan exposure followed by arthro-

pods and total endosulfan. Risk for endosulfan sulfate also

becomes more apparent towards the lower end of the

exceedence values at S-178. Overall, the JPC for S-178

indicates a much higher exceedence of the exposure dis-

tribution with the acute effects distributions for all expo-

sure scenarios than the JPC for S-177.

In Tables 5 and 6, the area under the curve calculations

for the JPCs tended to follow the results from the single

point PAF approach. However, a few of the risk scenarios

had higher or lower area under the joint probability curve

values indicating that overall risks might be different than

an exposure scenario based on the estimated 90th centile

concentration. In particular, several of the risk scenarios at

S-178 had lower PAF values and higher mean risk values

(areas under the curve) than several others. This is because

the percent of toxicity values exceeded by the 90th centile

concentration does not describe the risk indicated by the

complete distributions. S-178 was also the only site where

the mean potential acute risk to fish equaled or exceeded

5% or mean potential chronic risk to all species exceeded

10%.

Tissue Table 8 presents the PAF when the estimated 90th

centile measured tissue concentrations of endosulfan (total)

Table 6 Potentially affected

fraction (PAF) of the alpha and

beta, and total endosulfan

chronic toxicity values at the

50th centile of the exposure

distribution and area under

curves for corresponding joint

probability curves

Site Chemical PAF (%) 50th centile

(lg/L)

Area under the joint probability

curve (mean risk %)

Acme1DS Total endosulfan 1.1 0.0002 2.01

G94d Total endosulfan 0.6 0.0000 2.12

S-176 Total endosulfan 2.1 0.0008 2.54

a ? b endosulfan 2.2 0.0009 2.64

S-177 Total endosulfan 3.8 0.0037 4.53

a ? b endosulfan 3.7 0.0034 4.30

S-178 Total endosulfan 9.2 0.0374 10.8

a ? b endosulfan 4.4 0.0054 5.54

S-18C Total endosulfan 1.4 0.0003 2.00

a ? b endosulfan 2.8 0.0016 2.87

S-331 Total endosulfan 1.4 0.0003 1.77

S-332 Total endosulfan 1.5 0.0004 2.00

a ? b endosulfan 1.5 0.0004 2.00

S-80 Total endosulfan 0.2 0.0000 0.99

Table 7 Potentially affected fractions (PAF) and concentration

addition calculated multiple substance potentially affected fraction

(msPAF) for freshwater fish and acute exposures to the a- ?

b- endosulfan isomers, and endosulfan sulfate at S-177 and S-178

Site Grouping Fish PAF (%)

S-177 a ? b endosulfan PAF 0.8

Endosulfan sulfate PAF 0.0

msPAF (CA) with technical b* 0.9

Total endosulfan PAF 1.0

S-178 a ? b endosulfan PAF 2.1

Endosulfan sulfate PAF 0.1

msPAF (CA) with technical b* 12.2

Total endosulfan PAF 12.5

Note: b refers to the b isomer for endosulfan and a refers to the a
isomer for endosulfan. b* refers to parameters for the log-logistic

model used to calculate PAFs (see text for explanation). Total

endosulfan was the calculated PAF value after summing the a, b, and

sulfate isomers for concentration points in a total endosulfan

distribution
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in species collected in South Florida was applied to the

SSD for lethal fish tissue residues. The greatest potential

risk was found for flagfish, marsh killifish and mosquito-

fish. Note that the estimated 90th centile concentration of

endosulfan in tissue from Mayan cichlid, a non-native

species, had a PAF value of 10.8% of lethal toxicity

concentrations in fish tissue. Table 9 presents the potential

risks for tissue exposure distributions by location instead of

by species. The estimated PAF value for lethal whole body

residues of fish was greatest in samples collected at the

eastern boundary of ENP (16.1%). This value was an order

of magnitude greater than C-111(2.4%) or Shark River

Slough (1.5%). The potential risk from measured concen-

tration in fish tissue was greater at the eastern boundary of

the ENP despite the higher potential risks observed for

measured concentrations in water in the C-111 canal sys-

tem to the south. Taylor Slough also had a relatively high

PAF value and mean risk (area under the JPC) calculation.

In Tables 8 and 9, the potential risk indicated by the area

under the joint probability curve calculations followed the

same relative risk patterns for the PAF approach.

Joint probability curves in Fig. 4 confirm that the

greatest risk (further distance from the graph axes) is found

for flagfish, marsh killifish, mosquitofish, and Mayan

cichlid species. A greater risk by geographic location is

also observed for the eastern boundary of the ENP in

Fig. 5. It is apparent from Fig. 5 that the higher concen-

trations of endosulfan in tissue of fish in the eastern

boundary and Taylor Slough regions are driving the dis-

played risk for the JPC for all species. The fish tissue risk

levels were lower at the C-111 region than the eastern

boundary of the ENP. This was not the case for surface

water risk levels where potential risk was dominated by a

site in the C-111 region (S-178). Potential acute and

chronic risks for endosulfan in surface water at S-332 near

the eastern boundary of the ENP were low (\2.0% ex-

ceedence of toxicity values by the estimated 90th centile

concentration). However, nearby sites S-332B, S-332C,

and S-332D had a limited monitoring database with sam-

ples only taken a few times a year from 2003 to 2006.

Uncertainties

Exposure analysis From 1992 to 2007, endosulfan was

applied on a variety of crops in South Florida (e.g.,

cucumbers, eggplant, pecans, potatoes, snapbeans, toma-

toes, and watermelon, to name a few). Considering the size

S-178
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Fig. 3 Joint probability curves for the exposure summations of

endosulfan (total endosulfan (a ? b?sulfate), a- ? b- endosulfan,

and endosulfan sulfate) found in sites S-178 (a) and S-177 (b) and

arthropods and fish

Table 8 Potentially affected

fraction (PAF) of log-

logistically distributed lethal

body burdens of fish species

from the estimated 90th centile

of total endosulfan fish tissue

concentrations values measured

in various fish species

throughout South Florida and

area under curves for joint

probability diagrams

Species PAF (%) 90th centile

(lg/kg wet weight)

Area under the joint probability

curve (mean risk %)

All species 9.9 30.4 4.16

Flagfish 18.0 67.2 6.83

Jewel cichlid 1.9 4.2 0.88

Mayan cichlid 10.8 33.9 4.52

Mosquitofish 11.9 38.6 4.95

Marsh killifish 14.1 48.4 6.13

Sunfish 3.0 7.1 1.35
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of South Florida, which covers 16 counties and over

44,000 square kilometers (roughly 31% of the entire state),

with over 2250 km of freshwater canals and levees,

characterization of surface water exposures of a-endosul-

fan, b-endosulfan and endosulfan sulfate, both spatially and

temporally have limitations. Many of the agricultural

application locations using endosulfan are adjacent to

various freshwater ecosystems, including Lake Okeecho-

bee, the Caloosahatchee River, Kissimmee River and the

St. Lucie River systems, which all contain diverse and

sensitive invertebrate and fish populations, yet there are

few detections of a-endosulfan, b-endosulfan and endo-

sulfan sulfate in surface water and/or sediment in these

systems. Targeted sampling for endosulfan analytical data

combined with knowledge of endosulfan application loca-

tions, frequency and rates would be helpful in uncovering

the exposure dynamics of endosulfan in more sensitive

regions of South Florida.

Differences were found between exposures in geo-

graphic locations from surface water data and fish tissue

samples. Monitoring data at S-178 in the C-111 region had

the highest total endosulfan concentrations for surface

water while the C-111 fish tissue samples were generally

lower than sites to the north (the eastern boundary of the

ENP). However, data from Loveland Slough or S-178 were

limited in the database for concentrations in fish tissue. The

differences between relative concentrations in site loca-

tions between surface water and fish tissue samples are

likely dominated by the sampling design and spatial com-

parisons should take this into account.

Although the msPAF approach considers the potential

risk (exceedence of toxicity values) from chemical mix-

tures, the probability of the mixture’s components co-

occurring was not explicitly addressed. The 90th centile

concentration was assumed to be a suitable representation

of acute exposures at a site. Therefore, applying the 90th

centile concentrations to the msPAF approach assumed a

co-occurrence of the mixture’s components that might or

might not be realistic. However, given that the 90th centile

concentration estimate represents a relatively high expo-

sure level in a distribution, its usage in the msPAF model is

conservative, from a risk-based perspective, as it is more

unlikely that all components would be at such a high

concentration individually or together at a site.

Table 9 Potentially affected fraction (PAF) of log-logistically dis-

tributed lethal body burdens of fish species from the estimated 90th

centile of total endosulfan fish tissue concentrations (lg/kg wet

weight) measured in fish tissue at various locations in South Florida

and area under curves for joint probability diagrams

Species PAF (%) 90th centile

(lg/kg wet weight)

Area under the joint probability

curve (mean risk %)

All freshwater sites 9.9 30.4 4.16

C-111 2.4 5.5 1.16

Eastern boundary 16.1 57.5 6.80

Shark River Slough 1.5 3.3 0.71

Taylor Slough 12.2 39.8 4.97
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Fig. 4 Joint probability curves for the exceedence of log-logistically

distributed whole body lethal doses by measured tissue concentrations

of total endosulfan (a ? b?sulfate) in South Florida freshwater fish

species
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Fig. 5 Joint probability curves for the exceedence of log-logistically

distributed whole body lethal doses by measured concentrations of

total endosulfan (a ? b?sulfate) in South Florida geographic

locations
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Effects analysis Most of the laboratory aquatic toxicity

data are for technical grade endosulfan with emphasis on

acute effects (e.g., LC50s, EC50s). There is little chronic

toxicity data for technical grade endosulfan and therefore

NOEC values from chronic toxicity tests of all species

were combined into one chronic SSD. Furthermore, there is

very limited acute and chronic aquatic toxicity data for the

a- and b-isomers and endosulfan sulfate. Aside from

technical grade endosulfan, SSDs could only be developed,

with limited data, for endosulfan sulfate.

Although our laboratory has completed acute toxicity

studies with native fish exposed to endosulfan sulfate

(Carriger et al. in preparation), the toxicity database is

limited on the effects of endosulfan sulfate in water and

sediment for native species in Florida.

Effects data distributions (SSDs) for acute toxicity were

developed with LC50s and EC50s from the published lit-

erature. LOECs and NOECs from acute toxicity tests with

endosulfan should have been used to develop SSDs to

determine the extent of exceedences of these toxicity val-

ues by concentrations in surface waters to better understand

the risk. Obviously, partial mortalities do occur in acute

toxicity tests at concentrations below the LC50s and

EC50s. However, documentation of LOECs and NOECs

from acute toxicity studies in the published literature is

limited for endosulfan.

Risk characterization Summarizing potential risks to

toxicity endpoints from exceedences by distributions of

exposure can be problematic without considering the data

sources (Verdonck et al. 2003). In the current assessment,

surface water exposure distributions were assembled for

each site based on measured concentrations over time.

Thus, the temporal variations in exposure magnitudes were

examined in this approach and the resulting variance of the

exposure distributions would take this into consideration

assuming the distributions are robust and representative

(Verdonck et al. 2003). The many sites that had low surface

water detections of endosulfan increased uncertainties

about risk factors derived from estimated points on the

exposure distribution below the detected, plotted values.

The low number of detections at all surface water sites,

with the exception of S-178, adds to the uncertainty of the

resulting risk predictions (PAFs and JPCs) for chronic

toxicity and the complete JPCs for any surface water sce-

narios. For fish tissue, detections were more frequent, and

the exposure distributions better represent the availability

of endosulfan to fish than surface water monitoring.

However, while the surface water distributions of exposure

represented the temporal variation in endosulfan on a site-

basis, the fish tissue distributions represented the variation

within geographical regions from several sites or within

groupings of fish species in sampled regions of South

Florida. Thus, interpretations of risks from these distribu-

tions are based more on regional and intra-species vari-

ability in available endosulfan sampling data and not

variations in time (Verdonck et al. 2003). This would affect

the acceptability of exceedence statistics for risk manage-

ment purposes where a temporal scenario at a site might be

more acceptable than one for a region or vice versa

(Verdonck et al. 2003).

Comparison of surface water exposure distributions of

endosulfan (i.e., total-, a ? b- and endosulfan sulfate) at

sampling sites to distributions of LOECs from acute tox-

icity studies most likely would increase the estimate of risk

at surface water sampling sites. Furthermore, exceedences

of NOEC distributions may have been a better measure of

risk. This is especially relevant, since the Florida Fish and

Wildlife Conservation Commission has a number of small-

size, freshwater fish that are classified as endangered,

threatened or species of special concern. Their sensitivity

to endosulfan should be considered for an ecological risk

assessment of endosulfan in South Florida surface waters to

be complete. The limitations of using NOECs as risk values

have been discussed (e.g., Chapman et al. 1996; Moore and

Caux 1997; Crane and Newman 2000; Hanson and Solo-

mon 2002) while problems with using LC50s for predicting

ecological risks have also been discussed (e.g., Newman

1995; Zhao and Newman 2004; Newman et al. 2006).

This paper used existing aquatic toxicity data and eco-

logical risk assessment methods to assess risk of measured

concentrations of endosulfan but the authors acknowledge

the limits of using historical water-effect and body residue-

effect values for extrapolating to real-world scenarios. Area

under the curve and PAF statistics cannot be used alone to

represent the acceptability of risk for a scenario without

considering the nature of the exposure distributions as

discussed above (Verdonck et al. 2003). We also did not

normalize for lipid content for tissue concentrations of

endosulfan. In the Matthiessen et al. (1982) study, percent

lipids for fish ranged from approximately 1–4%. The lipid

data for a subset of the South Florida fish ranged from 1 to

11%, with an average of 5% (Gardinali et al. in prepara-

tion). This indicates that fish sampled in South Florida

might be more likely to sequester contaminants in fat tissue

and prevent interaction with chemical receptors that could

produce toxic effects (Meador 2006). The approach in this

study was conservative in comparisons with respect to

selecting wet weight tissue concentrations for effects and

exposure.

Conclusions

A probabilistic aquatic ecological risk assessment was

conducted for endosulfan, the only remaining
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organochlorine insecticide registered by the U.S.EPA

under FIFRA in the U.S. The compound consists of two

isomers (a-, b-) and the main environmental metabolite in

water, sediment and tissue is endosulfan sulfate through

oxidation reactions. The assessment concentrated on sur-

face freshwater exposures of endosulfan in South Florida

ecosystems in a two-tier (tier 1-hazard assessment; tier

2-probabilistic risk assessment) approach which followed

the U.S.EPA framework and consisted of three phases:

problem formulation, risk (exposure and effects) analysis

and risk characterization. We focused on the acute and

chronic risks of endosulfan by comparing distributions of

surface water exposure concentrations of endosulfan [i.e.,

for total endosulfan (i.e., summation of concentrations of

a- and b-isomers plus the sulfate), a- plus b-endosulfan,

and endosulfan sulfate (alone)] with distributions of species

effects toxicity data. The exceedence of the effects distri-

bution by the exposure distribution was used as a measure

of risk. Distributions of measured concentrations of total

endosulfan and a ? b-endosulfan were compared to dis-

tributions of toxicity for technical endosulfan and distri-

butions of endosulfan sulfate measured concentrations

were compared to the distribution of toxicity for endosul-

fan sulfate.

The SFWMD surface water monitoring database from

1992 to 2007 was used for the concentrations of endosulfan

historically found in surface waters. The distribution for

endosulfan in fish tissue (whole body) from South Florida

freshwaters was also used to determine the probability of

exceeding critical whole body residues of endosulfan pro-

ducing mortality (critical lethal residues).

Tier 1 compared actual measured concentrations in

surface freshwaters in South Florida to U.S.EPA numerical

WQC and found that the majority of water quality excee-

dences were at locations (S-177, S-178) in the C-111 sys-

tem. Nine surface water sampling sites were chosen for

Tier 2-probabilistic analyses. Exposure analyses showed

that the highest 90th centile concentration for total endo-

sulfan, a- ? b-endosulfan and endosulan sulfate (alone)

were all found at S-178 followed by S-177. At S-178

endosulfan sulfate was found in more than 60% of the

surface water samples. Furthermore, the highest 90th cen-

tile concentration of endosulfan in tissue was found in

flagfish (67.2 lg/kg). The whole-body residue data from

the literature indicate lethal doses of endosulfan in fish

tissue as low as 31 lg/kg (ww). The eastern boundary of

the ENP had the highest 90th centile (57.5 lg/kg) tissue

concentration out of all locations sampled. The major

endosulfan constituent that was analyzed and detected in

fish tissue was the metabolite endosulfan sulfate.

The aquatic toxicity database is mainly limited to technical

grade endosulfan, which is acutely toxic in water to both fish

(10th centile = 0.25 lg/L; 5th centile = 0.12 lg/L) and

arthropods (10th centile = 0.49 lg/L; 5th centile =

0.13 lg/L). The chronic toxicity data for technical grade

endosulfan are limited but it does indicate potential chronic

toxicity to aquatic organisms. The published literature con-

firms chronic effects of endosulfan, as a result of limited short-

term exposures (\96 h), at environmentally realistic surface

water concentrations to fish (B1.0 lg/L). The limited toxicity

data for the isomers and endosulfan sulfate also indicate

they are acutely toxic to aquatic organisms in surface water

(low lg/L range). Toxicity data are also limited for exposures

to the isomers and endosulfan sulfate via sediment. Aquatic

toxicity data are also limited on exposures to the isomers and

endosulfan sulfate in sediment.

The highest potential exceedences of the 5th or 10th

centiles of the acute SSDs by surface water exposure dis-

tributions of total endosulfan were at S-178, where the 90th

centile concentration for total endosulfan exceeded 12.5%

(PAF) of the acute freshwater fish toxicity values. For

arthropods, at the same site, the estimated 90th centile

concentration for total endosulfan exceeded 7.9% (PAF) of

the acute freshwater arthropod toxicity values. In Carriger

et al. (2006), the probability of exceeding the estimated

10th centile concentration for chronic arthropods and pre-

dicted porewater exposures was 41%. The greater potential

risk from sediment porewater could be a result of lower

effect values used (chronic vs. acute) for arthropods in that

assessment. The corresponding exceedence of the acute

10th centile concentration for arthropods by porewater

exposures in the same site was 1% (Carriger et al. 2006).

At all other freshwater sites there were less than 5% (PAF)

exceedence of freshwater acute toxicity values by the 90th

centile exposure concentration. Potential chronic risk (PAF

of 9.2%) was only found at S-178 for total endosulfan and

all other sites were \5%. In general, the risk from endo-

sulfan sulfate is low because of the steep acute toxicity

(mortality) distribution for the sulfate and also because of

the minimal exceedence of the effects distribution.

Joint probability curves are presented showing the higher

probability of risk at S-178 than at S-177. Freshwater fish

species which contained tissue concentrations of endosul-

fan, likely to exceed 10% of the lethal doses, more than

10% of the time, were marsh killifish, mosquitofish and

flagfish. Populations of these small demersal fish support

higher trophic level (HTL) species, such as wading birds in

South Florida. Declines in the abundance of HTL species,

that rely upon these forage fish, have already been linked to

food stress (Ley et al. 1994; Lorenz and Serafy 2006).

Based on measured exposures in surface water and

available toxicity data for aquatic organisms, the PRA

shows there are localized sites in South Florida where there

are potential acute and chronic risks of endosulfan (total) to

freshwater organisms. Furthermore, although there are

always uncertainties in exposure and effects assessment,
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within the ecological risk assessment process, the presence

of tissue concentrations of endosulfan in small fish, at

locations near and removed from ongoing agriculture

activities, are findings of ecological significance. These

findings become environmentally relevant, in lieu of the

large number of reported aquatic incidents for fish mor-

tality, received by the U.S.EPA in the last 30 plus years and

the detection of endosulfan in biota living in distant loca-

tions, including the Arctic regions.

Acknowledgments We would like to thank Adolfo Fernandez

(Chemistry Department at FIU) for fish sampling and tissue analyses.

Funding for this risk assessment project was provided by Cooperative

Agreement number H5297-04-0133 with Everglades National Park.

This is Southeast Environmental Research Center contribution

number 470.

References

Agency for Toxic Substances, Disease Registry (ATSDR) (2000)

Toxicological profile for endosulfan. US Department of Health

and Human Services, Public Health Service, Agency for Toxic

Substances and Disease Registry, Atlanta

Aldenberg T, Jaworska JS, Traas TP (2002) Normal species sensitivity

distributions and probabilistic ecological risk assessment. In:

Posthuma L, Suter GW, Traas TP (eds) Species sensitivity

distributions in ecotoxicology. Lewis Publishers, Boca Raton,

FL, pp 49–102

Berntssen MHG, Glover CN, Robb DHF, Jakobsen JV, Petri D (2008)

Accumulation and elimination kinetics of dietary endosulfan in

Atlantic salmon (Salmo salar). Aquat Toxicol 86:104–111

Carriger JF, Rand GM (2008a) Aquatic risk assessment of pesticides

in surface waters in and adjacent to the Everglades and Biscayne

National Parks: I. Hazard assessment and problem formulation.

Ecotoxicol 17:660–679

Carriger JF, Rand GM (2008b) Aquatic risk assessment of pesticides in

surface waters in and adjacent to the Everglades and Biscayne

National Parks: II. Probabilistic analyses. Ecotoxicol 17:680–696

Carriger JF, Rand GM, Gardinali PR, Perry WB, Tompkins MS,

Fernandez AM (2006) Pesticides of potential ecological concern in

sediment from South Florida canals: an ecological risk prioritization

for aquatic arthropods. Soil Sediment Contam 15:21–45

Chapman PM, Caldwell RS, Chapman PF (1996) A warning: NOECs

are inappropriate for regulatory use. Environ Toxicol Chem

15:77–79

Cotham WE, Bidleman TF (1989) Degradation of malathion, endosul-

fan, and fenvalerate in seawater and seawater sediment micro-

cosms. J Agric Food Chem 37:824–828

Crane M, Newman MC (2000) What level of effect is a no observed

effect? Environ Toxicol Chem 19:516–519

De Zwart D (2002) Observed regularities in species sensitivity

distributions for aquatic species. In: Posthuma L, Suter GW,

Traas TP (eds) Species sensitivity distributions in ecotoxicology.

Lewis Publishers, Boca Raton, pp 133–154

ECOFRAM (1999) Ecological committee on FIFRA risk assessment

methods: report of the aquatic workgroup. U.S. Environmental

Protection Agency, Office of Pesticide Programs, Washington,

DC

Escher BI, Hermens JLM (2002) Modes of action in ecotoxicology:

their role in body burdens, species sensitivity, QSARs, and

mixture effects. Environ Sci Technol 36:4201–4217

Escher BI, Hermens JLM (2004) Internal exposure: linking bioavail-

ability to effects. Environ Sci Technol 38:6263–6270

Ffrench-Constant RH (1993) The molecular and population genetics

of cyclodiene insecticide resistence. Insect Biochem Mol Biol

24:335–345

Ffrench-Constant RH, Anthony N, Aronstein K, Rocheleau T, Stilwell

G (2000) Cyclodiene insecticide resistance: from molecular to

population genetics. Annu Rev Entomol 48:449–466

Florida Department of Agriculture, Consumer Services (FDACS)

(2003) Summary of agricultural pesticide usage in Florida:

1999–2002. FDACS, Division of Agricultural Environmental

Services, Bureau of Pesticides, Tallahassee

Fulton MH, Scott GI, DeLorenzo ME, Key PB, Bearden DW, Strozier

ED, Madden CJ (2004) 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 73:527–534

GAO (2007) Some restoration progress has been made, but the effort

faces significant delays, implementation challenges, and rising

costs. United States Government Accountability Office, GAO-

07-1250T, Testimony Before the Subcommittee on International

Operations and Organizations, Democracy and Human Rights,

Committee on Foreign Relations, U.S. Senate, Washington DC

German Federal Environment Agency (GFEA) (2007) 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

Giddings JM, Hall LW, Solomon KR (2000) Ecological risks of

diazinon from agricultural use in the Sacramento-San Joaquin

River Basins, California. Risk Anal 20:545–572

Giddings JM, Hall LW, Anderson TA, Hosmer AJ, Kendall RJ (2005)

Atrazine in North American surface waters: a probabilistic

aquatic ecological risk assessment. Society of Environmental

Toxicology and Chemistry, Pensacola

Goebel H, Gorbach S, Knauf W, Rimpau RH, Huttenbach H (1982)

Properties, effects, residues, and analytics of the insecticide

endosulfan. Residue Rev 83:1–165

Goodman LR, Lewis MA, Macauley JM, Smith R Jr, Moore JC

(1999) Preliminary survey of chemical contaminants in water,

sediment, and aquatic biota at selected sites in Northeastern

Florida Bay and canal C-111. Gulf Mex Sci 17:1–16

Gormley KL, Teather KL (2003) Developmental, behavioral, and

reproductive effects experienced by Japanese medaka (Oryzias
latipes) in response to short-term exposure to endosulfan.

Ecotoxicol Environ Saf 54:330–338

Guerin TF (2001) Abiological loss of endosulfan and related

chlorinated organic compounds from aqueous systems in the

presence and absence of oxygen. Environ Pollut 115:219–230

Hall LW, Gardinali P (2004) Ecological risk assessment for Irgarol

1051 and its major metabolite in United States surface waters.

Hum Ecol Risk Assess 10:525–542

Hall LW, Scott MC, Killen WD (1998) Ecological risk assessment of

copper and cadmium in surface waters of Chesapeake Bay

watershed. Environ Toxicol Chem 17:1172–1189

Hall LW, Anderson RD, Kilian J, Tierney DP (1999) Concurrent

exposure assessments of atrazine and metolachlor in the mainstem,

major tributaries and small streams of the Chesapeake Bay

watershed: indicators of ecological risk. Environ Monit Assess

59:155–190

Hanson ML, Solomon KR (2002) New technique for estimating

thresholds of toxicity in ecological risk assessment. Environ Sci

Technol 36:3257–3264

Harman-Fetcho JA, Hapeman CJ, McConnell LL, Potter TL, Rice CP,

Sadeghi AM, Smith RD, Bialek K, Sefton KA, Schaffer BA,

Curry R (2005) Pesticide occurrence in selected South Florida

canals and Biscayne Bay during high agricultural activity. J

Agric Food Chem 53:6040–6048

898 G. M. Rand et al.

123



Hassall KA (1990) The biochemistry and uses of pesticides structure,

metabolism, mode of action and uses in crop protection, 2nd edn.

Macmillan Press Ltd, London

Holdway DA, Hefferman J, Smith A (2008) Multigeneration assess-

ment of nonylphenol and endosulfan using a model Australian

freshwater fish, Melanotaenia fluviatilis. Environ Toxicol 23:

253–262

Hose GC, Van den Brink PJ (2004) Confirming the species-sensitivity

distribution concept for endosulfan using laboratory, mesocosm,

and field data. Arch Environ Contam Toxicol 47:511–520

IRAC (Insecticide Resistance Action Committee) (2007) IRAC mode

of action classification version 5.3. www.irac-online.org

Jarvinen AW, Ankley GT (1999) Linkage of effects to tissue residues:

development of a comprehensive database for aquatic organisms

exposed to inorganic and organic chemicals. SETAC Technical

Publication Series, SETAC Press. Society of Environmental

Toxicology and Chemistry, Pensacola

Klepper O, van de Meent D (1997) Mapping the potentially affected

fraction (PAF) of species as an indicator of generic toxic stress.

RIVM report 607504 001. National Institute of Public Health

and the Environment, Bilthoven

Laabs V, Wehrhan A, Pinto A, Dores E, Amelung W (2007) Pesticide

fate in tropical wetlands of Brazil: an aquatic microcosm study

under semi-field conditions. Chemosphere 67:975–989

Latre B, Ramos MJ (2009) Draft initial detailed risk profile for

endosulfan. Prepared for the European Commission, DG Envi-

ronment, Stockholm Convention Secretariate. http://chm.pops.

int/Convention/POPsReviewCommittee/Meetings/POPRC4/

AnnexEinformationrequest/tabid/437/language/en-US/Default.

aspx. Accessed 17 April 2009

Ley JA, Montague CL, McIvor CC (1994) Food habits of mangrove

fishes: a comparison along estuarine gradients in northeastern

Florida Bay. Bull Mar Sci 54:881–889

Lorenz JJ, Serafy JE (2006) Subtropical wetland fish assemblages and

changing salinity regimes: implications for Everglades restora-

tion. Hydrobiologia 569:401–422

Matthiessen P, Fox PJ, Douthwaite RJ, Wood AB (1982) Accumu-

lation of endosulfan residues in fish and their predators after

aerial spraying for the control of tsetse-fly in Botswana. Pestic

Sci 13:39–48

McCarty LS, Mackay D (1993) Enhancing ecotoxicological modeling

and assessment: body residues and modes of toxic action.

Environ Sci Technol 27:1719–1728

Meador JP (2006) Rationale and procedures for using the tissue-residue

approach for toxicity assessment and determination of tissue,

water, and sediment quality guidelines for aquatic organisms.

Hum Ecol Risk Assess 12:1018–1073

Miles JRW, Moy P (1979) Degradation of endosulfan and its

metabolites by a mixed culture of soil-microorganisms. Bull

Environ Contam Toxicol 23:13–19

Miles CJ, Pfeuffer RJ (1997) Pesticides in canals of South Florida.

Arch Environ Contam Toxicol 32:337–345

Moore DRJ, Caux P-Y (1997) Estimating low toxic effects. Environ

Toxicol Chem 16:794–801

National Research Council of Canada (NRCC) (1975) Endosulfan: its

effects on environmental quality. NRCC publication no. 14098

(1975), NRC Associate Committee on Scientific Criteria for

Environmental Quality, Subcommittee on Pesticides and Related

Compounds, Ottawa

Navarro S, Barba A, Segura JC, Oliva J (2000) Disappearance of

endosulfan residues from seawater and sediment under labora-

tory conditions. Pestic Manag Sci 56:849–854

Newman MC (1995) Quantitative methods in aquatic ecotoxicology.

Lewis Publishers, Boca Raton

Newman MC, Crane M, Holloway G (2006) Does pesticide risk

assessment in the European Union assess long-term effects? Rev

Environ Contam Toxicol 187:1–65

Pablo F, Hyne RV (2009) Endosulfan application to a stream

mesocosm: studies on fate, uptake into passive samplers and

caged toxicity test with the fish M. ambigua. Arch Environ

Contam Toxicol 56:525–535

Pait AS, DeSouza AE, Farrow DRG (1992) Agricultural pesticide use in

coastal areas: a national summary. U.S. Department of Commerce,

National Oceanic and Atmospheric Administration, Rockville

Parkpian P, Anurakpongsatorn P, Pakkong P, Patrick WH (1998)

Adsorption, desorption and degradation of alpha-endosulfan in

tropical soils of Thailand. J Environ Sci Health B-Pestic Food

Contam Agric Wastes 33:211–233

Schimmel SC, Patrick Jr JM, Wilson Jr AJ (1977) Acute toxicity to

and bioconcentration of endosulfan by estuarine animals. In:

Mayer FL, Hamelink JL (eds) Aquatic toxicology and hazard

evaluation. American Society for Testing and Materials, USA,

pp 241–252, ASTM STP 634

Peterson SM, Batley GE (1993) The fate of endosulfan in aquatic

ecosystems. Environ Pollut 82:143–152

Pfeuffer RJ, Rand GM (2004) South Florida ambient pesticide

monitoring program. Ecotoxicol 13:195–205

Rand GM, Gardinali PR (2004) South Florida ecosystems. Ecotoxicol

13:179–184

Schuler LJ, Rand GM (2008) Aquatic risk assessment of herbicides in

freshwater ecosystems of South Florida. Arch Environ Contam

Toxicol 54:571–583

Science Subgroup (1996) South Florida ecosystem restoration:

scientific information needs. A Science Subgroup report to the

Working Group of the South Florida Ecosystem Restoration

Task Force, Miami

Scott GI, Fulton MH, Daugomah J, Strozier ED, Key PB, Pennington

PL, Thompson BC, Wirth EF, Thayer G (1994) Monitoring of
pesticides in surface waters of Florida Bay and adjacent

agricultural watersheds: implications for future management of

freshwater inputs to Florida Bay. U.S. National Marine Fisheries

Service, Charleston

Scott GI, Fulton MH, Wirth EF, Chandler GT, Key PB, Daugomah

JW, Bearden D, Chung KW, Strozier ED, DeLorenzo M,

Sivertsen S, Dias A, Sanders M, Macauley JM, Goodman LR,

LaCroix MW, Thayer GW, Kucklick J (2002) Toxicological

studies in tropical ecosystems: an ecotoxicological risk assess-

ment of pesticide runoff in South Florida estuarine ecosystems. J

Agric Food Chem 50:4400–4408

SETAC (Society of Environmental Toxicology and Chemistry)

(1994) Pesticide risk and mitigation. Final report of the Aquatic

Risk Assessment and Mitigation Dialog Group. SETAC Foun-

dation for Environmental Education, Pensacola

Shen L, Wania F, Lei YD, Teixeira C, Muir DCG, Bidleman TF

(2005) Atmospheric distribution and long-range transport behav-

ior of organochlorine pesticides in North America. Environ Sci

Technol 39:409–420

Shivaramaiah HM, Sanchez-Bayo F, Al-Rifai J, Kennedy IR (2005)

The fate of endosulfan in water. J Environ Sci Health B-Pestic

Food Contam Agric Wastes 40:711–720

Solomon KR, Baker DB, Richards RP, Dixon DR, Klaine SJ, LaPoint

TW, Kendall RJ, Weisskopf CP, Giddings JM, Giesy JP, Hall LW,

Williams WM (1996) Ecological risk assessment of atrazine in

North American surface waters. Environ Toxicol Chem 15:31–74

Solomon K, Giesy J, Jones P (2000) Probabilistic risk assessment of

agrochemicals in the environment. Crop Prot 19:649–655

Solomon KR, Giddings JM, Maund SJ (2001) Probabilistic risk

assessment of cotton pyrethroids: I. Distributional analyses of

A probabilistic aquatic ecological risk assessment 899

123

http://www.irac-online.org
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC4/AnnexEinformationrequest/tabid/437/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC4/AnnexEinformationrequest/tabid/437/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC4/AnnexEinformationrequest/tabid/437/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC4/AnnexEinformationrequest/tabid/437/language/en-US/Default.aspx


laboratory aquatic toxicity data. Environ Toxicol Chem 20:

652–659

Sparling DW, Fellers GM (2009) Toxicity of two insecticides to

California, USA, Anurans and its relevance to declining

amphibian populations. Environ Toxicol Chem 28:1696–1703

Sutherland TD, Horne I, Lacey MJ, Harcourt RL, Russell RJ,

Oakeshott JG (2000) Enrichment of an endosulfan-degrading

mixed bacterial culture. Appl Environ Microbiol 66:2822–2828

Sutherland TD, Horne I, Weir KM, Russell RJ, Oakeshott JG (2004)

Toxicity and residues of endosulfan isomers. Rev Environ

Contam Toxicol 183:99–113

Systat (2008) SigmaPlot 11.0. Build 11.1.0.102. Systat Software, Inc.,

Chicago

Traas TP, van de Meent D, Posthuma L, Hamers T, Kater BJ, de

Zwart D, Aldenberg T (2002) The potentially affected fraction as

a measure of ecological risk. In: Posthuma L, Suter GW, Traas

TP (eds) Species sensitivity distributions in ecotoxicology.

Lewis Publishers, Boca Raton, FL, pp 315–344

U.S.EPA (1980) Ambient water quality criteria for endosulfan. EPA

440/5-80-046. United States Environmental Protection Agency,

Office of Water, Washington, DC

U.S.EPA (1998) Guidelines for ecological risk assessment. EPA/630/

R-95/002F. United States Environmental Protection Agency,

Office of Water, Washington, DC

U.S.EPA (2002) Environmental fate and ecological risk assessment

for the reregistration eligibility decision on endosulfan (Thiodan

�). DP Barcode D238673. United States Environmental Protec-

tion Agency, Office of Pesticide Programs, Environmental Fate

and Effects Division, Washington, DC

U.S.EPA (2007) Appendix 1 to 2007 addendum: environmental fate

and ecological risk assessment of endosulfan. United States

Environmental Protection Agency, Office of Pesticide Programs,

Washington, DC

Van de Plassche EJ, Canton JH, Eijs YA, Everts JW, Janssen PJCM,

v. Koten-Vermeulen JEM, Polder MD, Posthumus R, de

Stoppelaar JM (1994) Towards integrated environmental quality

objectives for several compounds with a potential for secondary

poisoning: Underlying data. Annex to Report no. 679101 012,

National Institute of Public Health and Environmental Protec-

tion, Bilthoven

Verdonck FAM, Aldenberg T, Jaworska J, Vanrolleghem PA (2003)

Limitations of current risk characterization methods in probabi-

listic environmental risk assessment. Environ Toxicol Chem

22:2209–2213

Walse SS, Shimizu KD, Ferry JL (2002) Surface-catalyzed transfor-

mations of aqueous endosulfan. Environ Sci Technol 36:4846–

4853

Walse SS, Scott GI, Ferry JL (2003) Stereoselective degradation of

aqueous endosulfan in modular estuarine mesocosms: Formation

of endosulfan gamma-hydroxycarboxylate. J Environ Monit

5:373–379

Wan MT, Kuo JN, Buday C, Schroeder G, Van Aggelen G, Pasternak

J (2005) Toxicity of alpha-, beta-, (alpha plus beta)-endosulfan

and their formulated and degradation products to Daphnia
magna, Hyalella azteca, Oncorhynchus mykiss, Oncorhynchus
kisutch, and biological implications in streams. Environ Toxicol

Chem 24:1146–1154

Wauchope RD, Buttler TM, Hornsby AG, Augustijn-Beckers PWM,

Burt JP (1992) The SCS/ARS/CES pesticide properties database

for environmental decision-making. Rev Environ Contam Tox-

icol 123:1–164

Willey JB, Krone PH (2001) Effects of endosulfan and nonylphenol

on the primordial germ cell population in pre-larval zebrafish

embryos. Aquat Toxicol 54:113–123

Yao Y, Harner T, Blanchard P, Tuduri L, Waite D, Poissant L,

Murphy C, Belzer W, Aulagnier F, Sverko E (2008) Pesticides in

the atmosphere across Canadian agricultural regions. Environ

Sci Technol 42:5931–5937

Zhao YA, Newman MC (2004) Shortcomings of the laboratory-

derived median lethal concentration for predicting mortality in

field populations: exposure duration and latent mortality. Envi-

ron Toxicol Chem 23:2147–2153

Zhou M, Li YC, Nkedi-Kizza P, O’Hair SK (2003) Endosulfan losses

through runoff and leaching from calcareous gravelly or marl

soils. Vadose Zone J 2:231–238

900 G. M. Rand et al.

123


	Endosulfan and its metabolite, endosulfan sulfate, in freshwater ecosystems of South Florida: a probabilistic aquatic ecological risk assessment
	Abstract
	Introduction
	Methods
	Problem formulation
	Key properties of endosulfan
	Mode of toxic action
	Ecosystems at risk
	Ecological effects
	Assessment and measurement endpoints

	Risk analysis
	Exposure assessment
	Effects assessment

	Risk characterization
	Individual and multiple stressors
	Joint probability curves
	Fish tissue


	Results and discussion
	Tier 1
	Tier 2
	Risk analysis (exposure)
	Risk analysis (effects)
	Risk characterization
	Potentially affected fraction (PAF)
	Multiple substance potentially affected fraction (msPAF)
	Joint probability curves (JPCs)
	Tissue

	Uncertainties
	Exposure analysis
	Effects analysis
	Risk characterization



	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


