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Acronyms and Abbreviations 

ACR  Acute-Chronic Ratios 

CAS  Chemical Abstracts Services 

CWNS  Clean Watersheds Needs Survey 

EA  Environmental Assessment 

EC10  10% Effective concentration 

EC20  20% Effective concentration 

EC25  25% Effective concentration 

EC50  Median effective concentration 

EEC  Expected environmental concentration 

EIC  Expected introduction concentration 

ENVIRON ENVIRON International Corporation 

EPA  Environmental Protection Agency 

FACR  Final Acute-Chronic Ratio 

FAV  Final Acute Value 

FDA  Food and Drug Administration 

F-ISE  Fluoride ion selective electrode 

GLP  Good Laboratory Practice 

GMAV  Genus Mean Acute Value 

g/mol  Grams per mole 

g/L  Grams per liter 

kg  Kilogram 

kg/day  Kilograms per day 

kg/m2  Kilograms per square meter 

kg/m3  Kilograms per cubic meter 

kg/year  Kilograms per year 

LC50  Median lethal concentration 

LOAEL  Lowest observed adverse effect level 

LOEC  Lowest observed effect concentration 

L/day  Liters per day 

m  Meter 

MGD  Million gallons per day 
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mg/kg  Milligrams per kilogram 

mg/kg-day Milligrams per kilogram per day 

mg/L  Milligrams per liter 

NDA  New Drug Application 

NOAEL  No observed adverse effect level 

NOEC  No observed effect concentration 

pcf  Pounds per cubic foot 

pKa  Dissociation constant 

POTW  Publicly owned treatment works 

ppm  Parts per million 

U.S.  United States 

USAN  U.S. Adopted Name 

USEPA  United States Environmental Protection Agency 

wt%  Percent by weight 

µg/kg  Micrograms per kilogram 

µg/L  Microgram per liter 

µm  Micrometer 

°C  Celsius
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Definitions

 
Active Moiety: The molecule or ion, excluding those appended portions of the 

molecule that cause the drug to be an ester, salt (including a salt 
with hydrogen or coordination bonds), or other noncovalent 
derivative (such as a complex, chelate, or clathrate) of the 
molecule, responsible for the physiological or pharmacological 
action of the drug substance (21 CFR 314.108(a)). The active 
moiety is the entire molecule or ion, not the "active site."   
 
From: Guidance for Industry, Environmental Assessment of 
Human Drugs and Biologics Applications; July 1998, CMC 6, 
Revision 1. 

Patiromer Anion or 
Polymer Anion: 

Other names for the active moiety in RLY5016S. “Polymer 
Anion” is the designation used throughout NDA 205739. 
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1 Date 

July 28, 2014 

2 Name of Applicant 

Relypsa, Inc. 

3 Address 

700 Saginaw Drive 
Redwood City, CA 94063 
Attention: Sarah McNulty 
Executive Director, Regulatory Affairs 
Tel: 650-421-9570 
Fax: 650-421-9770 

4 Description of Proposed Action 

4.1 Requested Approval 

Relypsa, Inc. is filing a New Drug Application (NDA) for RLY5016 for Oral Suspension pursuant 
to section 505(b) of the Federal Food, Drug, and Cosmetic Act. RLY5016 for Oral Suspension is 
a powder intended to be administered orally after suspending in water. It is packaged in packets 
made from five layer laminate web stock. The packets are heat sealed on four sides. The drug 
product is available in six strengths of patiromer: 4.2, 8.4, 12.6, 16.8, 21.0, and 25.2 grams. This 
Environmental Assessment (EA) has been submitted in support of the approval of the NDA, 
pursuant to 21 CFR part 25.  

4.2 Need for Action 

RLY5016 for Oral Suspension is a non-absorbed polymeric new drug intended for the treatment 
of hyperkalemia. RLY5016 for Oral Suspension is designed to bind and remove potassium from 
the gastrointestinal tract by reducing the concentration of free potassium in the gastrointestinal 
lumen and establishing a gradient favoring further potassium secretion, resulting in a reduction 
of total body potassium. 

4.3 Locations of Use 

RLY5016 for Oral Suspension will be used by patients in their homes and in hospitals and 
clinics throughout the United States (U.S.). 

4.4 Disposal Sites 

The primary means of disposal will be through patient use of the prescribed product. RLY5016 
for Oral Suspension is not absorbed in the gastrointestinal tract and will be excreted by patients, 
whereupon it will enter the local wastewater treatment system.  

At U.S. hospitals, pharmacies, or clinics, empty or partially empty packages will be disposed of 
according to hospital, pharmacy, or clinic procedures. In the home, empty or partially empty 
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packages will typically be disposed of by a community’s solid waste management disposal 
system, which may include landfills, incineration, and recycling. Minimal quantities of the unused 
drug could be disposed of to the sewer system. 

5 Identification of Substances  
The drug product, RLY5016 for Oral Suspension, is the subject of the proposed action.  
The drug product contains 99.3 percent by weight (wt%) of the drug substance, RLY5016S, and 
0.7 wt% of an excipient, xanthan gum (see Figure 1). The drug substance, RLY5016S, consists 
of a negatively-charged, cross-linked polymer anion, RLY5016A (i.e., the active moiety), with a 
calcium-sorbitol complex as the counter-ion. RLY5016S is synthesized using a suspension 
polymerization process that results in spherical beads with a particle size of approximately 100 
micrometers (μm). Each bead is a single molecule that is three-dimensionally cross-linked. The 
beads form a free-flowing powder. For this EA, laboratory testing was conducted on the drug 
substance, RLY5016S (i.e., testing did not include xanthan gum). 

Figure 1. Composition of Drug Product, RLY5016 for Oral Suspension. 

5.1 Nomenclature 

The nomenclature assigned to RLY5016S is described in Table 1. 

Xanthan
Gum
(0.7%)

RLY5016S
(99.3%)

RLY5016 
for Oral 

Suspension

Hydrated 
Calcium‐
Sorbitol 
Complex
(50%)

RLY5016A
(50%)
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Table 1. RLY5016S Nomenclature 

Name RLY5016S

Established Name  
(U.S. Adopted Name-USAN) 

Applied for 

Brand/Proprietary Name 
/Tradename 

To be approved 

Chemical Abstracts Index 
Name (inverted form) 

Calcium, hydrolyzed divinylbenzene-
Me 2-fluoro-2-propenoate-1,7-
octadiene polymer sorbitol complexes 

Systematic Chemical Name 
(uninverted form) 

Not available 

IUPAC Name Poly[(D-glucitol-calcium) 2-
fluoroacrylate-co-diethenylbenzene-co-
octa-1,7-diene] 

5.2 Chemical Abstracts Service (CAS) Registration Number 

1415477-49-4 

5.3 Empirical Formula 

The empirical formula for RLY5016S is expressed as follows: C613H765F114O399Ca57. This formula 
is based on the molar ratio of starting materials and the target calcium and sorbitol contents 
used in the synthesis of the drug substance (see Appendix E [confidential]). The empirical 
formula does not include associated water.   

5.4 Molecular Weight 

RLY5016S is synthesized as three-dimensionally cross-linked polymer beads. Each RLY5016S 
molecule results in a spherical bead due to multiple cross-links between polymer chains. These 
beads have a narrow size distribution and are approximately 100 µm in diameter. The molecular 
weight of RLY5016S is not constant as it varies with each bead. The molecular weight of a 100 
micrometer RLY5015S bead, calculated using an experimentally-derived value for density and 
the theoretical calculated value for volume, is estimated as 5.6 x1017 grams per mole (g/mol). 

5.5 Structural Formula 

The structural formula of the drug substance, RLY5016S, is shown in Figure 2a. An alternate 
depiction of the structural formula is shown in Figure 2b. 
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(a) 

m = number of 2-fluoro-2-propenoate groups (m=0.91)

n, p = number of crosslinking groups n + p = 0.09  

▪ H2O = associated water

* = indicates an extended polymeric network

(b) 

Figure 2. RLY5016S Structural Formula (a) and Alternate Structural Formula (b) 

6 Environmental Issues 

Environmental issues are evaluated below by comparing estimated ecological exposure 
concentrations with measured or predicted concentrations associated with environmental 
effects, in accordance with the Food and Drug Administration’s (FDA) (1998) Guidance for 
Industry: Environmental Assessment of Human Drug and Biologics Applications. An 
environmental data summary table is provided in Appendix A. 

6.1 Environmental Fate of Released Substances 

An EA is required for RLY5016 for Oral Suspension based on projected active moiety fifth year 
annual production for direct use (see Appendix F [confidential]). However, due to its physical 
characteristics, some of the laboratory tests normally implemented to support an EA are not 
applicable to RLY5016 for Oral Suspension or are not feasible, and other tests require specific 
modifications of standard test methods. Testing modifications or omissions are described in the 
Section 6.1 subsections. 

Relypsa proposed an EA testing program which the FDA accepted (see Appendix G 
[confidential]). Testing conformed to data quality standards associated with Good Laboratory 
Practice (GLP) as described by the Organisation for the Economic Co-operation and 
Development (OECD 1998). Reports of test results are provided in Appendix H (confidential). 

6.1.1 Identification of Substances of Interest 

The environmental risk analysis performed for the EA focuses on the drug substance, 
RLY5016S (the calcium-sorbitol complex of the polymer), with concentrations of test article 
expressed as the polymer anion (i.e., the active moiety). Calcium, sorbitol, and the excipient 

*
*

-O O

n

[Ca2+( )0.5]0.5

*

*

F

*
*

pm

p
n

H2OHO OH

OH OH
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component of the drug product, xanthan gum, are generally recognized as safe; risks 
associated with these drug components are not evaluated and are not calculated separately. 
Degradation products of the polymer are generally assumed to be no more toxic than the 
polymer itself, consistent with FDA guidance (1998). However, fluoride is slowly eliminated from 
RLY5016S through degradation, and environmental risks associated with fluoride cannot be 
estimated based on data for RLY5016S due to the very different physical characteristics (e.g., 
the molecular size of fluoride versus the polymer, the solubility differences). Therefore, a 
screening-level environmental risk analysis was performed for fluoride using information 
available from publicly available scientific literature (see Section 6.2). 

6.1.2 Physical and Chemical Characterization 

RLY5016S is synthesized as polymer beads. Each bead is a single macromolecule that has 
multiple covalent cross-links between polymer chains. Due to its cross-linked structure, 
RLY5016S is not expected to be soluble in any media. Visual observations by Relypsa also 
indicate that RLY5016S is insoluble in water and in organic solvents. When added to water, the 
beads are observed to swell slightly, but not dissolve. Nevertheless, formal solubility testing was 
performed to confirm the lack of solubility, as this characteristic restricts the chemical analyses 
that can be performed on the drug substance.   

6.1.2.1 Water Solubility 

The water solubility of RLY5016S was evaluated following testing protocols based on OECD 
Guideline 105. A gravimetric analytical method was utilized based on methodology developed 
and validated by a contract testing facility. As expected, the polymer was filtered out of the 
water at the end of the test, and none of the polymer dissolved. Filtration of undissolved 
RLY5016S yielded recoveries consistently higher than 100%, which may be due to water 
absorption, incomplete solubilization of sorbitol, or analytical variability. Water solubility of 
RLY5016S was calculated to be <0.100 grams per liter (g/L) at 20 ± 0.5 °C. 

6.1.2.2 Solubility in Organic Solvents 

The solvent solubility of RLY5016S was evaluated following testing protocols based on a 
modification of OECD Guideline 105 using acetone and hexane as solvents. However, 
gravimetric analysis of RLY5016S following filtration was not possible because the test material 
adhered to the glass of the test vessel and could not be removed by rinsing with solvent. Based 
on these observations, it is apparent that RLY5016S is not sufficiently soluble in solvents to 
permit conventional solvent extractions or solubilization for analytical purposes. 

6.1.2.3 Dissociation Constant (pKa) 

The dissociation constant (pKa) of RLY5016S was not determined. Testing was not feasible due 
to the polyprotic nature of the molecule and the inherent analytical limitations to measure the 
pKa values for each carboxylate group in RLY5016S.  

6.1.2.4 Log octanol/Water Partition Coefficient 

RLY5016S is insoluble in water or hydrocarbon solvents. Therefore, the log octanol/water 
partition coefficient is not meaningful and was not determined. 



12 ENVIRON 

6.1.2.5 Vapor Pressure 

The vapor pressure of RLY5016S is zero due to its very high molecular weight. Analysis of the 
vapor pressure was not conducted. 

6.1.2.6 Physical and Chemical Characteristics of Fluoride 

Fluorides are binary compounds or salts of the element fluorine (ATSDR 2003). Many fluoride 
compounds exist naturally in the environment, and among fluoride compounds, physical and 
chemical characteristics vary widely (ATSDR 2003). For example, compounds such as sodium 
fluoride (NaF), hydrogen fluoride (HF), and fluorosilicic acid (H2SiF6) are soluble, whereas 
compounds such as calcium fluoride (CaF2), magnesium fluoride (MgF2), and aluminum fluoride 
(AlF3) are weakly soluble or insoluble. Generally, it is the solubility of these fluoride compounds 
that makes them biologically available and thus potentially toxic (WHO 2002). While soluble 
inorganic fluorides have the potential to vaporize or form aerosols, insoluble forms are likely to 
settle (Drury et al. 1980; Brimblecombe and Clegg 1988). 

6.1.3 Environmental Depletion Mechanisms 

Environmental depletion mechanisms (i.e., biodegradation, hydrolysis) were not investigated 
due to analytical limitations. Polymeric degradation products of RLY5016 for Oral Suspension 
have not been observed. Fluoride, as calcium fluoride, is the only degradation product of 
RLY5016 for Oral Suspension. Elimination of calcium fluoride from RLY5016S in RLY5016 for 
Oral Suspension is slow. Relypsa collected data from an experimental lot of the drug substance 
held at 30 degrees Celsius (°C) in a closed container for 8 days. The validated test method 
involved extracting a sample of RLY5016S with deionized water and then determining the 
concentration of dissociated fluoride in the supernatant using a fluoride ion selective electrode 
(F-ISE). Under these test conditions, calcium fluoride elimination (measured as fluoride ion) was 
calculated as 5 parts per million (ppm) fluoride per day based on polymer anion content. 
Assuming that all the fluorine in the polymer is released at the same rate in the environment, it 
would take 54 years for all of the fluorine to be eliminated as calcium fluoride (see Appendix I 
[confidential]). 

For the purposes of this EA, a conservative approach is utilized to assess exposure 
concentrations. The following hypothetical depletion scenarios are examined: (1) no 
environmental depletion occurs and the entirety of the active moiety is present or (2) the active 
moiety is environmentally depleted and all fluoride is released. Actual environmental exposures 
will be intermediate between these scenarios. If both of the depletion scenarios are found to be 
acceptable, then the intermediate conditions would also be acceptable. 

6.1.4 Environmental Concentrations 

The environmental fate of RLY5016 for Oral Suspension is predicted to be terrestrial. Due to its 
insolubility, RLY5016S is expected to settle into sludge, rather than effluent, after entering 
publicly owned treatment works (POTWs). The application of this sludge as biosolids to soils is 
the pathway by which RLY5016S is expected to enter the environment. RLY5016S exposure 
concentrations are reported in this EA in terms of polymer anion concentrations.  
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Although RLY5016S is not expected to be present in treated effluent, hypothetical aquatic 
ecological risks are included in this assessment. For the purposes of this EA, four exposure 
scenarios are examined:  

 No environmental depletion of RLY5016S occurs, and 100% of the RLY5016S partitions 
to sludge; 

 Environmental depletion of RLY5016S occurs, releasing 100% of the fluoride to sludge; 

 No environmental depletion of RLY5016S occurs, and 100% of the RLY5016S partitions 
to effluent; and 

 Environmental depletion of RLY5016S occurs, releasing 100% of the fluoride to effluent. 

Each scenario listed above is mutually exclusive of the three other scenarios. However, the 
examination of each worst-case scenario brackets all hypothetical environmental exposures and 
provides the most conservative, screening-level risk analysis approach. 

6.1.4.1 Terrestrial Exposure Concentrations 

Land application of biosolids used to amend soil (e.g., agricultural land, forests, rangelands, or 
disturbed land in need of reclamation) is the basis for the terrestrial exposure scenario 
evaluated in this EA. As described above, ecological exposures to the active moiety (i.e., 
polymer anion) and its degradation product, fluoride, are expected to occur predominantly in the 
terrestrial environment due to the insolubility of RLY5016S.  

Active Moiety 

The expected introduction concentration (EIC) of the active moiety (i.e., polymer anion) present 
in biosolids is calculated as follows: 

Equation 1: 	   
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Whereby: 

Table 2. Definition of Variables Used in Equation 1. 

Variable Description Value 

EICbiosolids expected introduction 
concentration in biosolids 

calculated above (milligrams 
per kilogram or mg/kg) 

AM production of active moiety (i.e., 
polymer anion) for direct use in 
5th year 

confidential 
(see Appendix F) 

BS production of biosolids (United 
States Environmental 
Protection Agency [USEPA] 
1999, projection for 2010) 

7.439 x 109 dry kilograms 
per year (kg/year) 

X conversion factor 106 mg/kg 
 

Using Equation 1, the EICbiosolids of the active moiety is calculated as 73.9 mg active moiety/kg 
dry biosolids. This calculation assumes: (1) the entirety of the annual active moiety production is 
used throughout the United States and enters the POTW system in proportion to the population; 
(2) the active moiety is not degraded within the POTW system; and (3) the active moiety loads 
entirely to biosolids (i.e., does not enter the POTW effluent stream). 

The expected environmental concentration (EEC) of the active moiety present in biosolids-
amended soil is calculated as follows: 

Equation 2: 	   

Whereby: 

Table 3. Definition of Variables Used in Equation 2. 

Variable Description Value 

EECamended soil expected environmental concentration 
in biosolids-amended soil 

calculated (mg/kg) 

EICbiosolids predicted environmental 
concentration in biosolids 

see above (mg/kg) 

ARbiosolids biosolids application rate (USEPA 
2000a) 

22.42 dry kilograms per 
square meter (kg/m2) 

IDsoil depth of incorporation into soils 
(assumption) 

0.15 meters (m) 

ρb dry bulk density of soils (EMEA 2008) 1,500 kilograms per cubic 
meter (kg/m3) 
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USEPA (2000a) presents multiple biosolid application scenarios for agricultural land, forest land, 
range land, and reclamation land, ranging from 2 to 100 dry tons per acre. The highest typical 
application rate for agricultural land is 20 dry tons per acre. For this EA, the biosolid application 
rate scenario for reclamation land, 100 dry tons per acre (22.42 dry kg/m2), is utilized to be most 
conservative.  

Using Equation 2, the EECamended soil of the active moiety is calculated as 6.70 mg active 
moiety/kg amended soil (dry weight). This calculation relies on the assumptions listed above for 
EICbiosolids and does not consider the accumulation of the active moiety in soil through repeated 
biosolid applications. The frequency of biosolids application is generally inversely related to the 
application rate (USEPA 2002a), and biosolids application for land reclamation purposes (as 
assumed in this EA) would only occur once. 

Fluoride 

Based on the empirical formula of the polymer anion (i.e., the active moiety), fluorine accounts 
for 18.8% of the polymer anion’s molecular weight, as shown in Appendix E (confidential). As 
such, the maximum concentration of fluoride in biosolids can be estimated as 18.8% of the 
EICbiosolids for the active moiety (73.9 mg/kg), or 13.9 mg fluoride/kg dry biosolids. This approach 
assumes: (1) the entirety of the annual active moiety production is used throughout the United 
States and enters the POTW system in proportion to the population; (2) the active moiety is not 
degraded within the POTW system; (3) the active moiety loads entirely to biosolids (i.e., does 
not enter the POTW effluent stream); and (4) the active moiety degrades in the biosolids and 
releases all available fluoride. Since the release of fluoride is expected to occur slowly, the final 
assumption that 100% of the fluoride contained in the active moiety would be released in 
surface soil at a given time is unlikely.  

For amended soils, the maximum concentration of fluoride can be estimated as 18.8% of the 
EECamended soil for the active moiety (6.70 mg/kg), or 1.26 mg fluoride/kg amended soil (dry 
weight). 

6.1.4.2 Aquatic Exposure Concentrations 

The discharge of POTW treated wastewater effluent into aquatic systems is the basis for the 
aquatic exposure scenario evaluated in this EA. As described above, ecological exposures to 
the active moiety (i.e., the polymer anion) and its degradation product, fluoride, are expected to 
occur predominantly in the terrestrial environment due to the insolubility of RLY5016S. 
However, based on a conservative approach to consider any potential aquatic partitioning, 
modelled exposure concentrations used to evaluate ecological effects in aquatic systems 
assumed 100% loading to wastewater effluent following treatment by POTWs. 

Active Moiety 

Based on FDA guidance (1998) the EIC of the active moiety (i.e., polymer anion) entering the 
aquatic environment from patient use through treated POTW effluent is calculated as follows: 

Equation 3:   
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Whereby: 

Table 4. Definition of Variables Used in Equation 3. 

Variable Description Value 

EICeffluent expected introduction concentration 
entering aquatic systems 

calculated above (micrograms 
per liter or µg/L) 

AM production of active moiety (i.e., 
polymer anion) for direct use in 5th 
year 

confidential 
(see Appendix F) 

WW wastewater entering POTWsa 1.224 x 1011 liters per day(L/day) 
Y conversion factor year/365 days 
Z conversion factor 109 micrograms per kilogram 

(µg/kg) 
a  The rate of wastewater entering POTWs presented by FDA (1998) has been adjusted to reflect 

updated data in the USEPA’s Clean Watersheds Needs Survey (CWNS) 2008 Report to Congress, 
presented as 32,345 million gallons per day (MGD). 

 

Using Equation 3, the EICeffluent for the active moiety is estimated as 12.3 µg active moiety/L 
POTW effluent. This calculation assumes (1) the entirety of the annual active moiety production 
is used throughout the United States and enters the POTW system in proportion to the 
population; (2) the active moiety is not degraded within the POTW system; and (3) the active 
moiety loads entirely to the wastewater effluent (i.e., it does not partition to biosolids).  

The EEC of the active moiety present in surface water (EECsurface water) is expected to be less 
than the EIC due to dilution of effluent. The FDA guidance (1998) states that applying a dilution 
factor of 10 to the EICeffluent is normally appropriate based on POTW data available from 
USEPA. Thus, based on a 10-fold dilution factor, the EEC is calculated as 1.23 µg active 
moiety/L surface water.  

Fluoride 

Based on the empirical formula of the polymer anion (i.e., the active moiety), fluorine accounts 
for 18.8% of the polymer anion’s molecular weight, as in Appendix E (confidential). As such, the 
maximum amount of fluoride entering aquatic systems can be calculated as 18.8% of the 
EICeffluent for the active moiety (12.3 µg/L), or 2.31 µg fluoride/L POTW effluent. This approach 
assumes (1) the entirety of the annual active moiety production is used throughout the United 
States and enters the POTW system in proportion to the population; (2) the active moiety is 
degraded within the POTW system and releases all available fluoride; and (3) the fluoride loads 
entirely to effluent (i.e., it does not partition to biosolids). 

For surface water, the maximum concentration of fluoride can be estimated as 18.8% of the 
EECsurface water for the active moiety (1.23 µg/L), or 0.231 µg fluoride/L surface water.  
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6.1.5 Environmental Fate Summary 

Following prescribed patient use and excretion, the drug product, RLY5016 for Oral 
Suspension, will enter local wastewater treatment facilities. The polymer anion is expected to 
settle in sludge, which may be applied to land as biosolids. Although the polymer anion is not 
expected to be present in treated POTW effluent, aquatic ecological risks were also assessed in 
this EA. In addition, fluoride, a degradation product of the polymer anion, was assessed. 

In the preceding sections, environmental exposures to the active moiety (i.e., the polymer anion) 
and fluoride were estimated first as concentrations at which they would be introduced to the 
environment as biosolids or effluent (i.e., EIC) and then as concentrations expected to be found 
in the environment in amended soil and surface water (i.e., EEC). Conservative estimates of 
terrestrial exposure to the polymer anion and its degradation product, fluoride, are summarized 
in Table 5. 

Table 5. Terrestrial Exposure Summary 

Chemical EIC
(mg/kg biosolids) 

EEC 
(mg/kg amended soil) 

Active Moiety (i.e., 
Polymer anion) 

73.9 6.70

Fluoride 13.9 1.26

Hypothetical, worst-case estimates of aquatic exposure to the polymer anion and its 
degradation product, fluoride, are summarized in Table 6. 

Table 6. Aquatic Exposure Summary 

Chemical EIC
(µg/L effluent) 

EEC 
(µg/L surface water) 

Active Moiety (i.e., 
Polymer anion) 

12.3 1.23

Fluoride 2.31 0.231

These exposure concentrations are compared to environmental effects concentrations to 
estimate risks in the next section. 

6.2 Environmental Effects of Released Substances 

Toxicity data for the active moiety and fluoride in terrestrial and aquatic systems are discussed 
in the Section 6.2 subsections, and the testing reports are provided in Appendix J (confidential). 
The significance of estimated ecological exposures is evaluated by comparison to relevant 
toxicity values.  

Relypsa proposed an EA testing program to FDA for the drug product RLY5016 for Oral 
Suspension (see Appendix G [confidential]), which was accepted by FDA. As part of the 
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proposed EA testing program, toxicity testing was conducted on the drug substance, RYL5016S 
to determine activated sludge microbial inhibition and toxicity to representative terrestrial and 
aquatic receptors. Testing conformed to data quality standards associated with GLP as 
described by OECD (1998). Toxicity data for the active moiety were collected according to the 
testing program accepted by the FDA (see Appendix G). Comparisons of the active moiety to 
ecological exposures were done using one-half the toxicity values for RLY5016S. This is based 
on the composition of RLY5016S [i.e., 50% active moiety (polymer anion) and 50% calcium-
sorbitol complex].  

The testing program for RLY5016S included initial acute toxicity testing of algae. Additional 
aquatic toxicity testing (i.e., fish and invertebrate) would have been required if the margin of 
safety based on algal toxicity data was <100. Although terrestrial toxicity tests are not typically 
required in the first tier of testing, a terrestrial exposure scenario of RLY5016S is more realistic 
than aquatic exposure, and thus terrestrial toxicity testing was also completed. 

For fluoride, a screening level risk analysis was conducted using information from publicly 
available literature. 

6.2.1 Activated Sludge Microbial Inhibition 

Testing was conducted to determine the toxicity of RLY5016S to microorganisms present in 
activated sludge (see Appendix J [confidential]). Testing procedures were performed in 
accordance with OECD Guideline 209. The test exposed activated sludge microorganisms to 
nominal RLY5016S concentrations of 10, 100, and 1,000 milligrams per liter (mg/L). Effects on 
respiration inhibition were reported as 10% effective concentration (EC10) and median effective 
concentration (EC50) values. 

Based on the test results, RLY5016S has no significant adverse effects on activated sludge 
microorganisms at any concentration tested. Specifically, no significant inhibition of microbial 
respiration was detected at any treatment level compared to the control data. At the termination 
of the test, the EC10 and EC50 for activated sludge microorganisms were determined to be 
>1,000 mg/L. For comparison, the concentration of active moiety in the POTW influent and 
effluent is estimated as 12.3 µg active moiety/L (0.0123 mg/L). Therefore, no adverse effects on 
wastewater treatment processes are expected due to the usage of RLY5016S. 

6.2.2 Terrestrial Effects 

The drug substance RLY5016S is expected to settle in sludge, which may be applied to land as 
biosolids. The determination of terrestrial effects concentrations of the polymer anion and its 
degradation product, fluoride, are described in the following sections.  

6.2.2.1 Polymer Anion 

Terrestrial toxicity of the polymer anion was determined through a testing program designed for 
this EA. Details regarding these studies are described below. 

Invertebrates 

Testing was conducted to determine the acute toxicity of RLY5016S to earthworms (Eisenia 
fetida) (see Appendix J [confidential]). Testing procedures were performed in accordance with 
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OECD Guideline 207. The test exposed earthworms to nominal RLY5016S concentrations of 
63, 130, 250, 500, and 1,000 mg/kg, based on the dry weight of soil. Effects on survival were 
reported as 7- and 14-day no observed effect concentration (NOEC) and median lethal 
concentration (LC50) values. 

Earthworms exhibited no significant adverse effects due to RLY5016S at any concentration 
tested. No treatment-related health effects (e.g., lethargy, absence of burrowing) were observed 
during testing procedures. No significant reduction in survival was detected at any treatment 
level compared to the control data. Thus, the NOEC for RLY5016S was determined to be 1,000 
mg/kg. The 7- and 14-day LC50 values for RLY5016S were determined to be >1,000 mg/kg. 

Both the terrestrial EIC and EEC were compared to the unbounded LC50 to calculate toxicity 
margins of safety for the active moiety (Table 7).  

Table 7. Estimated Margin of Safety for RLY5016S on Terrestrial Invertebrates 

Toxicity 
Value 

RLY5016S 
(mg/kg) 

Active 
Moiety 
(mg/kg) 

EIC 
(mg/kg 

biosolids) 

EIC-based 
Margin of 

Safety 

EEC 
(mg/kg 

amended soil) 

EEC-based 
Margin of 

Safety 

LC50 >1,000 >500 73.9 >6.8 6.70 >75 
 

The margin of safety for terrestrial invertebrates calculated on the basis of active moiety 
concentration in biosolids is >6.8. However, the safety factor increases to >75 when the LC50 is 
compared to active moiety concentration in amended soil. Based on the assumptions described 
in Section 6.1.4.1, this unbounded safety margin for amended soils is conservative, since the 
biosolids application rate is a conservative estimate. Therefore, no significant impact of 
RLY5016S on terrestrial invertebrates is expected due to projected usage of the drug product, 
RLY5016 for Oral Suspension. 

Plants 

Testing was conducted to determine the acute toxicity of RLY5016S to oat (Avena sativa), 
radish (Raphanus sativus), and lettuce (Lactuca sativa) seeds and seedlings. Testing 
procedures were performed in accordance with OECD Guideline 208. Testing exposed A. 
sativa, R. sativus, and L. sativa to nominal RLY5016S concentrations of 4.0, 16, 63, 250, and 
1,000 mg/kg, based on dry weight of soil. Effects on percent emergence and fresh shoot weight 
were reported as 14-day 25% effective concentration (EC25), EC50, and NOEC values. 

Oat and lettuce plants exhibited no significant adverse effects due to RLY5016S at any 
concentration tested. No treatment related morphological abnormalities (e.g., chlorosis or 
necrosis of leaves) were observed among these two species during testing procedures. No 
significant reduction in percent emergence or fresh shoot weight was detected at any treatment 
level compared to control data. Thus, the 14-day NOECs for oat and lettuce plants were 
determined to be 1,000 mg/kg. The EC25 and EC50 were determined to be >1,000 mg/kg for oats 
and lettuce.  
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RLY5016S had no significant adverse effects on the percent emergence of radish plants at any 
concentration tested (Table 8). However, a significant reduction in fresh shoot weight was 
observed in radish plants at 1,000 mg/kg. The 14-day NOEC for radish plants was determined 
to be 250 mg/kg. The EC25 and EC50 were determined to be 540 mg/kg and >1,000 mg/kg, 
respectively. 

Table 8. 14-day Acute Toxicity to Terrestrial Plants 

 NOEC 
(mg/kg) 

EC25 
(mg/kg) 

EC50 
(mg/kg) 

Percent Emergence    
 Oats (A. sativa) 1,000 >1,000 >1,000 
 Radish (R. sativus) 1,000 >1,000 >1,000 
 Lettuce (L. sativa) 1,000 >1,000 >1,000 
Fresh Shoot Weight    
 Oats (A. sativa) 1,000 >1,000 >1,000 
 Radish (R. sativus) 250 540 >1,000 
 Lettuce (L. sativa) 1,000 >1,000 >1,000 

 

Both the terrestrial EIC and EEC were compared to the unbounded EC50 values to calculate 
toxicity margins of safety for the active moiety (Table 9). 

Table 9. Estimated Margin of Safety for RLY5016S on Terrestrial Plants 

Toxicity 
Value 

RLY5016S 
(mg/kg) 

Active 
Moiety 
(mg/kg) 

EIC 
(mg/kg 

biosolids) 

EIC-based 
Margin of 

Safety 

EEC 
(mg/kg 

amended soil) 

EEC-based 
Margin of 

Safety 

EC50 >1,000 >500 73.9 >6.8 6.70 >75 
NOEC 250 125 73.9 1.7 6.70 19 

 

The margin of safety for terrestrial plants calculated on the basis of active moiety concentration 
in biosolids is >6.8. However, the safety factor increases to >75 when the EC50 is compared to 
the active moiety concentration in amended soil. Based on the assumptions described in 
Section 6.1.4.1, this unbounded safety margin for amended soils is conservative since the 
biosolids application rate is a conservative estimate. Furthermore, the margins of safety, based 
on both active moiety concentration in biosolids and active moiety concentration in amended 
soil, remain >1 when compared to the lowest NOEC value (Table 9). Therefore, no significant 
impact of RLY5016S on terrestrial plants is expected due to projected usage of the drug 
product, RLY5016 for Oral Suspension. 



  21 ENVIRON 

6.2.2.2 Fluoride 

Fluoride toxicity data are available to assess potential effects on plants, soil invertebrates, and 
terrestrial wildlife (birds and mammals). Each type of organism is discussed below. 

Plants 

Fluoride toxicity to plants has been extensively studied; however, most studies have focused on 
air exposures or aqueous exposures (i.e., hydroponic exposures or administration of fluoride in 
irrigation water without soil fluoride analyses). Four studies were identified in which fluoride 
effects on plants were evaluated based on soil fluoride exposures. Results of three of these 
studies are summarized in Table 10. Each of these studies provided clearly identifiable NOEC 
and lowest observed effect concentration (LOEC) values. 

Table 10. Plant Toxicity to Fluoride Exposure in Soil 

Common 
Name 

Species Effect 
Level 

Endpoint Toxicity 
Value 

(mg/kg) 

Reference 

Barley Hordeum vulgare NOEC, 
unbounded 

Dry matter yield 100 Elrashidi et al. 
1998 

Spinach Spinacea oleracea NOEC Phytotoxicity 800 Jha et al. 2008 

Spinach Spinacea oleracea LOEC Root/shoot biomass 600 Jha et al. 2008 

Onion Allium cepa L. NOEC Phytotoxicity 200 Jha et al. 2009 

Onion Allium cepa L LOEC Phytotoxicity 400 Jha et al. 2009 
 

In addition, Singh et al. (2013) evaluated the effects of 50 mg/kg, 100 mg/kg, 200 mg/kg, and 
400 mg/kg sodium fluoride in soil on the growth parameters of Raphanus sativus L. All 
parameters evaluated exhibited a dose-dependent response, but NOEC and LOEC values were 
not reported. Root length after 45 days was the endpoint showing the greatest response 
compared to the control, with a difference of 16 and 29 percent at 50 mg/kg and 100 mg/kg of 
sodium fluoride, respectively.  

Soil Invertebrates 
Applicable data on fluoride toxicity to soil invertebrates are limited to two studies evaluating 
effects on the earthworm, Eisenia fetida. Translations of these two studies from the original 
German are provided in Appendix B. Vogel and Ottow (1992a) investigated acute effects of 
fluoride on earthworms, using OECD Guideline 207. Based on 28-day exposures to fluoride-
spiked artificial soil, LC50 values were determined as 4,278 mg/kg for sodium fluoride and 1,861 
mg/kg for potassium fluoride. The authors also note that no acute toxicity was observed in 
preliminary tests with calcium fluoride at concentrations up to 20,000 mg/kg. Potassium fluoride 
had no significant effect on earthworm biomass, at concentrations up to 2,100 mg/kg (NOEC). 
The authors report significant differences in earthworm biomass in the sodium fluoride 
experiment, but NOEC and LOEC values were not reported. However, the lowest soil fluoride 
concentration associated with a decrease in dry biomass of more than 10% was 3,300 mg/kg. 
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Vogel and Ottow (1992b) reported chronic (22-week) effects of fluoride on earthworms, with 
endpoints including weight, sexual maturation, cocoon production, and production of offspring. 
For sodium fluoride, production of offspring was the most sensitive endpoint, with a significant 
negative effect reported at the lowest test concentration (unbounded LOEC = 600 mg/kg). For 
potassium fluoride, no effects on offspring production were observed; for the remaining test 
endpoints, the NOEC for potassium fluoride was 750 mg/kg and the LOEC was 1,000 mg/kg. 
No negative effects were observed due to calcium fluoride exposure at soil concentrations up to 
16,000 mg/kg. 

Mammals and Birds 

Fluoride toxicity has been observed in livestock exposed to highly elevated concentrations 
associated with industrial sources, volcanic ash, and long-term phosphate fertilizer applications. 
Cronin et al. (2000) reviewed the fate, bioavailability, and effects of fluoride in pastures and 
identified concentration ranges potentially associated with adverse effects in New Zealand 
livestock. Sheep were considered to be at risk of possible fluorosis when total fluoride 
concentrations in topsoil were in the range of 372 to 1,461 mg/kg, while cattle were potentially at 
risk at soil concentrations of 326 to 1,085 mg/kg. 

Pascoe et al. (2014) evaluated available mammalian and avian toxicity data to determine risk-
based concentrations of fluoride in environmental media protective of terrestrial wildlife. Soil 
risk-based concentrations were identified for protection of coyotes, deer mice, horned larks, and 
red-tailed hawks. Coyotes were estimated to be the most sensitive of these four representative 
wildlife species, while red-tailed hawks were the more sensitive of the two bird species. 

To identify toxicity reference values, Pascoe et al. (2014) reviewed studies of fluoride effects on 
mink, rats, bank voles, mice, red foxes, pigs, rabbits, cows, dogs, white-tailed deer, and owls. 
Endpoints included reproductive effects, dental and skeletal abnormalities, reductions in growth 
and survival, and clinical toxicity. Reproductive effects were judged to be the most appropriate 
for assessing risks to wildlife, and the most sensitive mammalian species to reproductive effects 
of fluoride was found to be the bank vole. Krasowska (1989) exposed two generations of bank 
voles to krill-based feed containing either low or high fluoride concentrations. Voles in the high 
dose group produced significantly fewer litters per female, and offspring mortality in the second 
generation was also elevated. As determined by Pascoe et al. (2014), these results support a 
no observed adverse effect level (NOAEL) of 5.3 mg fluoride per kilogram body weight per day 
(mg/kg-day) and a lowest observed adverse effect level (LOAEL) of 10.98 mg/kg-day. For birds, 
Pascoe et al. (2014) identified toxicity reference values from a study of Eastern screech owl 
fertility and hatching success (Pattee et al. 1988), which yielded a NOAEL of 8.02 mg/kg-day 
and a LOAEL of 32.9 mg/kg-day. 

Pascoe et al. (2014) translated the wildlife toxicity reference values to environmental media 
concentrations based on relationships between soil and small mammal (i.e., prey) 
concentrations at a fluoride-contaminated site in Idaho. For the coyote, fluoride exposures were 
estimated to equal the NOAEL of 5.3 mg/kg-day at a soil fluoride concentration of 149 mg/kg dry 
weight, which corresponded to a small mammal fluoride concentration of 42 mg/kg wet weight. 
These risk-based concentrations are based on a coyote body weight of 13.6 kilograms (kg), a 
small mammal ingestion rate of 1.684 kilograms per day (kg/day) wet weight, and a soil 
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ingestion rate of 0.012 kg/day dry weight. For the red-tailed hawk, fluoride exposures were 
estimated to equal the NOAEL of 8.02 mg/kg-day at a soil fluoride concentration of 315 mg/kg 
dry weight, which corresponded to a small mammal fluoride concentration of 54 mg/kg wet 
weight. The risk-based concentrations for red-tailed hawks were based on a body weight of 
1.056 kg, a small mammal ingestion rate of 0.215 kg/day wet weight, and a soil ingestion rate of 
0.0017 kg/day. The calculated risk-based soil concentrations are very conservative, because 
they are based on whole-body fluoride concentrations in small mammals, whereas fluoride 
accumulates primarily in bone (Shore 1995). Coyotes and hawks do not completely ingest or 
digest the bones of their prey; thus, the analysis of Pascoe et al. (2014) is more likely to 
overestimate fluoride-related risks than to underestimate them. 

Risk Screening 

Among the plants, invertebrates, birds, and mammals discussed above, the most conservative 
risk-based soil concentration is selected as the terrestrial effects value for the screening-level 
analysis of potential environmental risks associated with fluoride. Specifically, the terrestrial 
effects value for fluoride is selected as 149 mg/kg, based on the risk-based concentration for 
protection of coyotes.  

Both the aquatic EIC and EEC were compared to the terrestrial effects value to calculate toxicity 
margins of safety for fluoride (Table 11). 

Table 11. Estimated Margin of Safety for Fluoride on Terrestrial Receptors 

Terrestrial 
Effects 
Value 

(mg/kg) 

EIC 
(mg/kg 

biosolids) 

EIC-based 
Margin of 

Safety 

EEC 
(mg/kg 

amended soil)

EEC-based 
Margin of 

Safety 

149 13.9 10.7 1.26 118

Under the conservative assumptions used in this evaluation, the margin of safety for terrestrial 
organisms calculated on the basis of fluoride concentration in biosolids is 10.7. However, the 
safety factor increases to 118 when the terrestrial effects value is compared to fluoride 
concentration in amended soil. In actuality, it is very unlikely that 100% of the fluorine contained 
in RLY5016S would occur in surface soil as fluoride at any given time. In addition, the fluoride 
from RLY5016S is generated as calcium fluoride, which is poorly soluble (0.016 g/L) and poorly 
bioavailable (Trautner and Einwag 1987, ATSDR 2003). Further, the selected terrestrial effects 
value does not account for limited bioaccessibility of fluoride contained in the bones of prey. 
Taken together with the large margin of safety, these factors indicate that no significant impact 
of fluoride on terrestrial receptors is expected due to projected usage of the drug product, 
RLY5016 for Oral Suspension.  

6.2.3 Aquatic Effects 

The drug substance RLY5016S is expected to settle in sludge, which may be applied to land as 
biosolids. RLY5016S is not expected to be present in treated POTW effluent. Nevertheless, as a 
conservative screening analysis, this EA includes an aquatic assessment. For simplicity we 
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make a hypothetical worst-case assumption that all RLY5016S partitions to effluent. The 
determination of aquatic effects concentrations of the polymer anion and its degradation 
product, fluoride, are described in the following sections.  

6.2.3.1 Polymer Anion 

Aquatic toxicity of the polymer anion was determined through preliminary pilot studies and a 
testing program designed for this EA. Details regarding these studies are described below. 

Testing Program 

As part of the proposed EA testing program accepted by FDA, toxicity testing on the drug 
substance, RYL5016S, was conducted (see Appendix J [confidential]). Testing conformed to 
data quality standards associated with GLP as described by OECD (1998).  

Algal Growth Inhibition 
Testing was conducted to determine acute toxicity of RLY5016S to the freshwater green alga, 
Pseudokirchneriella subcapitata, formerly Selenastrum capricornutum. Testing procedures were 
performed in accordance with OECD Guideline 201. Testing exposed green algae to nominal 
RLY5016S concentrations of 5.4, 8.2, 13, 20, and 30 mg/L. Effects on biomass, calculated from 
cell density counts and expressed as yield and average growth rate, were reported as 72-hour 
EC10, 20% effective concentrations (EC20) and EC50 values, as well as 72-hour NOEC and 
LOEC values.  

Freshwater green algae exhibited no significant adverse effect due to RLY5016S at any 
concentration tested. No significant reductions to biomass, expressed as yield or average 
growth rate, were detected at any treatment level compared to control data. Thus, the 72-hour 
NOEC and LOEC for RLY5016S were determined to be 30 and >30 mg/L, respectively. 
Likewise, the 72-hour EC10, EC20 and EC50 values for RLY5016S were all determined to be >30 
mg/L.  

Both the aquatic EIC and EEC were compared to the unbounded EC50 to calculate toxicity 
margins of safety for the active moiety (Table 12). 

Table 12. Estimated Margin of Safety for RLY5016S on Freshwater Algae 

Effect 
Level 

RLY5016S 
(mg/L) 

Active 
Moiety 
(mg/L) 

EIC 
(µg/L POTW 

effluent) 

EIC-based 
Margin of 

Safety 

EEC 
(µg/L surface 

water) 

EEC-based 
Margin of 

Safety 

EC50 >30 >15 12.3 >1,200 1.23 >12,000 
 

The margins of safety for freshwater green algae calculated on the basis of active moiety 
concentration in effluent and surface water are both >1,200. Therefore, no significant impact of 
RLY5016S on algae is expected due to projected usage of RLY5016 for Oral Suspension, and 
further testing of additional aquatic toxicity testing (i.e., fish and invertebrates) was not triggered. 
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Supplemental Data (Pilot Studies) 

Pilot testing on RYL5016S was conducted to identify potential method modifications that might 
be needed in the event fish or aquatic invertebrate tests were required. Pilot tests were 
preliminary and did not conform to data quality standards associated with GLP. Preliminary algal 
tests are not described here since they are superseded by GLP-compliant testing described 
above. Pilot study reports are included as Appendix K (confidential). 

Acute Toxicity to Water Fleas 
Testing was conducted to determine the acute toxicity of RLY5016S to water fleas (Daphnia 
magna) under static conditions. Testing procedures were performed in accordance with OECD 
Guideline 202. Initial testing exposed D. magna to nominal RLY5016S concentrations of 10 and 
30 mg/L (i.e., concentrations expected to greatly exceed EECs). No concentration resulted in 
≥50% immobilization, and so the 48-hour EC50 for RLY5016S was empirically estimated to be 
>30 mg/L. The NOEC was reported as <10 mg/L. Statistics were not performed, but all results 
were within 15% of the control. 

Acute Toxicity to Rainbow Trout 
Testing was conducted to determine the acute toxicity of RLY5016S to rainbow trout 
(Oncorhynchus mykiss) under static conditions. Testing procedures were performed in 
accordance with OECD Guideline 203. Initial testing exposed O. mykiss to nominal RLY5016S 
concentrations of 10 and 30 mg/L (i.e., concentrations expected to greatly exceed EECs). No 
sub-lethal effects were observed at either concentration. The 96-hour LC50 was empirically 
estimated to be >30 mg/L and the NOEC was empirically estimated to be 30 mg/L. 

6.2.3.2 Fluoride 

No federal water quality criteria are available for fluoride. However, the acute and chronic 
toxicity of fluoride to aquatic organisms have recently been evaluated by the Illinois 
Environmental Protection Agency (EPA) to develop revised fluoride water quality criteria for the 
protection of aquatic organisms (Illinois EPA 2010). These revised standards for fluoride have 
been incorporated into the Numeric Standards for Chemical Constituents (Title 35 of the Illinois 
Administrative Code, Part 302). Illinois EPA followed USEPA methodology for deriving the 
numerical water quality criteria (Stephen et al. 1985), which is outlined briefly below. The data 
used by Illinois EPA for criteria development are shown in Table 13. 

Table 13. Fluoride Toxicity Data Used by Illinois EPA for Development of Criteria  

Common Name Species Duration 

(hours) 

LC50 

(mg/L) 

Reference 

Water flea Daphnia magna 48 342 Fieser 1985 

Water flea Daphnia magna 48 251 Fieser 1985 

Water flea Daphnia magna 48 187 Fieser 1985 

Water flea Daphnia magna 48 114 Fieser 1985 

Water flea Ceriodaphnia dubia 48 248 Fieser 1985 

Water flea Ceriodaphnia dubia 48 180 Fieser 1985 
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Table 13. Fluoride Toxicity Data Used by Illinois EPA for Development of Criteria  

Common Name Species Duration 

(hours) 

LC50 

(mg/L) 

Reference 

Water flea Ceriodaphnia dubia 48 182 Fieser 1985 

Water flea Ceriodaphnia dubia 48 122 Fieser 1985 

Water flea Simocephalus vetulus 24 201.5 Hickey 1989 

Threespine stickleback Gasterosteus aculeatus 96 340 Smith et al. 1985 

Threespine stickleback Gasterosteus aculeatus 96 380 Smith et al. 1985 

Threespine stickleback Gasterosteus aculeatus 96 460 Smith et al. 1985 

Bluegill Lepomis macrochirus 96 375.6 USEPA 2000b 

Fathead minnow Pimephales promelas 96 112.2 The Advent Group 2000a 

Fathead minnow Pimephales promelas 96 190 Fieser 1985 

Fathead minnow Pimephales promelas 96 179 Fieser 1985 

Fathead minnow Pimephales promelas 96 134 Fieser 1985 

Fathead minnow Pimephales promelas 96 125 Fieser 1985 

Midge Chironomus tentans 96 124.1 Metcalfe-Smith et al. 2003 

Amphipod Hyalella azteca 96 25.8 Soucek and Dickinson 2010 

Wavyrayed lampmussel Lampsilis fasciola 96 172 Keller and Augspurger 2005 

Paper pondshell Utterbackia imbecillis 96 234 Keller and Augspurger 2005 

Appalachian elktoe Alasmidonta raveneliana 96 303 Keller and Augspurger 2005 

Pheasantshell Actinonaias pectorosa 96 259 Keller and Augspurger 2005 

Pheasantshell Actinonaias pectorosa 96 298 Keller and Augspurger 2005 

Net-spinning caddisfly Ceratopsyche bronta 96 17 Camargo et al. 1992 

Net-spinning caddisfly Hydropsyche occidentalis 96 34.7 Camargo et al. 1992 

Net-spinning caddisfly Hydropsyche bulbifera 96 26.3 Camargo and Tarazona 1990 

Net-spinning caddisfly Hydropsyche exocellata 96 26.5 Camargo and Tarazona 1990 

Net-spinning caddisfly Hydropsyche lobata 96 48.2 Camargo and Tarazona 1990 

Net-spinning caddisfly Hydropsyche pellucidula 96 38.5 Camargo and Tarazona 1990 

Net-spinning caddisfly Chimarra marginata 96 44.9 Camargo and Tarazona 1990 

Net-spinning caddisfly Cheumatopsyche pettiti 96 42.5 Camargo et al. 1992 

Rotifer Brachionus calyciflorus 24 183.3 Calleja et al. 1994 

Snail Physa sp. 96 163.1 The Advent Group 2000a 

Annelid Lumbriculus variegatus 96 93.5 The Advent Group 2000a 

Mayfly Hexagenia limbata 96 32.3 Metcalfe-Smith et al. 2003 

Rotifer Philodina acuticornis 96 212 Buikema et al. 1977 
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Table 13. Fluoride Toxicity Data Used by Illinois EPA for Development of Criteria  

Common Name Species Duration 

(hours) 

LC50 

(mg/L) 

Reference 

Grooved fingernailclam Sphaerium simile 96 62.2 GLEC 2010 

LC50 – median lethal concentration 

a Documentation from The Advent Group (2000) is provided in Appendix B. 

 

Initially, available fluoride acute toxicity data providing LC50 values (i.e., the concentration lethal 
to 50 percent of the tested organisms) were evaluated for inclusion in the standard derivation, 
based on appropriate organisms, valid test methods, and proper endpoints. Data gaps (i.e., less 
than the required number of taxonomic groups) were addressed with additional toxicity tests 
(Great Lakes Environmental Center 2010; Soucek and Dickinson 2010). Because fluoride 
toxicity is affected by water hardness and the available acute toxicity tests were conducted at 
varying hardness concentrations, acute toxicity data for each species were normalized to a 
hardness of 50 mg/L. Genus Mean Acute Values (GMAVs) were then calculated for each genus 
represented. The GMAVs were ranked from low to high, with the four lowest GMAVs used to 
calculate the Final Acute Value (FAV), following the formula provided in the guidelines (Stephen 
et al. 1985). The acute water quality standard for fluoride was calculated as one-half the FAV, or 
6.92 mg/L, based on a hardness of 50 mg/L.  

A chronic standard for fluoride may be derived from the ratio of the acute and chronic toxicity 
data available for at least three different families of species (one fish, one invertebrate, and one 
acutely sensitive species). To support the acutely sensitive species portion of the derivation, 
additional chronic toxicity data were developed for the amphipod Hyalella azteca by Soucek and 
Dickinson (2010). Ratios of the available acute to chronic toxicity data for each species (or the 
Acute-Chronic Ratios [ACRs]) were determined, and the geometric mean of the available ACRs 
was calculated to determine the Final Acute-Chronic Ratio (FACR). The chronic water standard 
for fluoride was determined by dividing the FAV by the FACR, resulting in a criterion value of 
3.48 mg/L, based on a hardness of 50 mg/L.  

For the protection of wildlife and livestock, Illinois EPA (2010) places an upper limit on the 
chronic fluoride standard of 4 mg/L. 

Because the hardness of the effluent is unknown in this evaluation, a conservative approach is 
to use the acute and chronic standards for fluoride based on the relatively low hardness of 50 
mg/L. Therefore, the aquatic effects values for fluoride in this evaluation are 6.92 mg/L and 3.48 
mg/L for acute and chronic effects, respectively. 

Both the aquatic EIC and EEC were compared to acute and chronic aquatic effect values to 
calculate margins of safety for fluoride (Table 14). 
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Table 14. Estimated Margin of Safety for Fluoride on Aquatic Receptors 

Exposure Aquatic 
Effects 
Value 
(µg/L) 

EIC 
(µg/L 

effluent) 

EIC-based 
Margin of 

Safety 

EEC 
(µg/L surface 

water) 

EEC-based 
Margin of 

Safety 

Acute 6,290 2.31 2,723 0.231 27,229
Chronic 3,480 2.31 1,506 0.231 15,065

Acute and chronic margins of safety are >1,000. Therefore, no significant impact of fluoride on 
aquatic receptors is expected due to projected RLY5016 for Oral Suspension usage. 

6.2.4 Environmental Effects Summary 

The RLY5016S active moiety is insoluble and is therefore expected to partition primarily to 
sludge. Terrestrial exposure will occur when this sludge is applied to soils as biosolids. For the 
purpose of the EA, this scenario was evaluated with other less likely scenarios (i.e., aquatic 
partitioning and/or degradation and release of fluoride) using a worst-case approach. In the 
preceding sections, the environmental effects of the polymer anion and fluoride were presented. 
The effects of active moiety were determined through toxicity testing of the drug substance 
RLY5016S, while its degradation product, fluoride, was screened through an examination of 
publicly available literature. Risks associated with the use and release of the drug product, 
RLY5016 for Oral Suspension, were determined through the comparison of these toxicity values 
to environmental exposure concentrations estimated in Section 6.1.4.  

No significant ecological impacts are predicted to occur due to patient use of the drug product, 
RLY5016 for Oral Suspension, at the predicted rate of production. Conservative estimates of 
environmental concentrations of the polymer anion and any released fluoride are below 
biological effects levels. In each scenario, margins of safety are greatest when introduction 
concentrations (i.e., EICs) are diluted with other material (e.g., soil, surface water) expected to 
be present in typical exposures situations. In the anticipated terrestrial scenario, conservative 
estimates of the RLY5016S active moiety concentration in soil will be more than 75 times less 
than the EC50 values determined for terrestrial invertebrates and plants. In the hypothetical 
aquatic scenario, conservative estimates of the RLY5016S active moiety concentration in 
surface water will be more than 1,500 times less than the EC50 value determined for freshwater 
algae. If RLY5016S is found in the environment and breaks down to release all associated 
fluorides, the margins of safety exceed 100 for both terrestrial and aquatic scenarios using 
conservative estimates.  

7 Mitigation Measures 

No mitigation measures are needed because no adverse environmental effects have been 
identified. 
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8 Alternatives to the Proposed Action 

Discussion of alternative courses of action is not needed because no adverse environmental 
effects have been identified. 

9 List of Preparers 

This document was prepared by the following consultants at ENVIRON International 
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Appendix A: Data Summary Table 

RLY5016S FLUORIDE

expected to be insoluble; 
measured as <0.100 g/L (20 °C)

variable (e.g., 
CaF2 = 0.016 g/L [20 °C], 
NaF = 40.4 g/L [20 °C])

not determined not applicable

not determined not applicable

expected to be zero; not tested
negligible (e.g.,

NaF = 5.43 x 10-26 mm Hg [25 °C])

not determined not applicable

not tested due to analytical 
limitations

not applicable

EC10 > 1,000 mg/L

EC50 > 1,000 mg/L

NOEC = 250 mg/kg

EC25 = 540 mg/kg

EC50 > 1,000 mg/kg

NOEC = 1000 mg/kg

LC50 > 1,000 mg/kg

not evaluated NOAEL = 149 mg/kg

Freshwater Algae Aquatic Effects Value

NOEC = 30 mg/L

LOEC > 30 mg/L

EC10 > 30 mg/L

EC20 > 30 mg/L

EC50 > 30 mg/L

Dissociation Constant(s)

Log Octanol/Water Partition Coefficient (Log Kow)

Physical/Chemical Characterization

Water Solubility

Depletion Mechanisms

Biodegradation, Hydrolysis

Environmental Effects

Vapor Pressure

Sorption/Desorption (Koc)

acute = 6.92 mg/L
chronic = 3.48 mg/L

Microbial Inhibition

not determined

Terrestrial Plants

unbounded NOEC = 100 mg/kg
NOEC = 200 mg/kg 

Terrestrial Invertebrates

Terrestrial Wildlife

unbounded LOEC = 600 mg/kg
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Response of spinach (Spinacea oleracea) to the added fluoride in an alkaline soil
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a b s t r a c t

The influence of soil contamination by inorganic fluoride (NaF) on the uptake and accumulation of fluo
ride in the shoot and root of spinach (Spinacea oleracea) was investigated in pot experiment under
controlled conditions. The soluble fluoride in soil varied between 2.57 mg kg�1 soil and 16.44 mg kg�1

soil in the treatment range of 0 800 mg NaF kg�1 soil. It was found that the concentration of the total
fluoride in shoot and root varied between 23.5 mg kg�1 dry wt. (control) and 219.8 mg kg�1 dry wt. (at
800 mg NaF kg�1 soil). The fluoride concentration in shoot and root showed a linear trend. At the added
fluoride concentration beyond 200 mg NaF kg�1 of soil, the spinach root retained more fluoride than
shoot. In the treatment range 0 800 mg NaF kg�1 soil, the water labile fluoride in the juice varied from
0.32 to 0.78 ppm in shoot and 1.03 to 2.79 ppm in the root. No visible symptom of phyto toxicity was
noticed with the treatment from 0 to 800 mg NaF kg�1 soil. It was inferred from this study that spinach
(S. oleracea) accumulates fluoride at tissues level and has a distinct mechanism of partitioning of water
labile fluoride and total fluoride in the tissues.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Water acts as predominant source of fluoride to cause fluorosis
in the endemic areas, although some food materials also contribute
significantly to the total intake of fluoride (Gulati et al., 1993; Singh
et al., 1993). Atmospheric pollution by fluoride is considered a high
phyto toxicity risk as this form of fluoride is often readily absorbed
by the plants and is toxic to many plant species at relatively low
concentration (WHO, 1984). Stevens et al., 1997, 1998 found that
the ionic species of fluoride in solution also had a marked influence
on the uptake of fluoride by plants root with complexed species
being more readily taken up by the roots than the free fluoride
ion. The greater solubility of fluoride under acidic conditions was
explained by the formation of AlF complexes, whereas under alka
line conditions by the desorption of free fluoride as a result of repul
sion by the negatively charged surfaces (Wenzel and Blum, 1992).
Fluoride is usually readily bound to soil surfaces at neutral pH
and is not available to plants. In soil solutions of neutral to alkaline
pH, fluoride exists predominantly as the free fluoride ion. (Barrow
and Ellis, 1986; Wenzel and Blum, 1992).

Plants do not require fluoride, and tissues concentration from
uncontaminated soils rarely exceed 30 mg kg�1, dry mass
(Kabata Pendias, 2001).The fluoride content of both leafy and root
vegetables usually do not differ appreciably from those of cereals
with a exception of spinach which is usually enriched in fluoride

(Madhavan and Subraminian, 2006) and it is known as good accu
mulator of fluoride (Sheldrake et al., 1978). The objective of this
study was to characterize the fluoride uptake and partitioning
water labile and total fluoride in spinach (Spinacea oleracea) in an
alkaline soil of Indo Gangetic plain.

2. Material and methods

Samples were collected from the upper part of soil (0–15 cm) classified as Typic
Natraustalf, from Central Soil Salinity Research Institute research farm, located at
central Indo Gangetic plains. The soils was mixed, dried, grinded and sieved through
2.0 mm sieve. The initial characteristics of the initial soil such as pH, EC, sand, silt,
clay, organic carbon, total fluoride, CaCl2 extractable fluoride were determined which
is given in Table 1. Thoroughly mixed 8 kg soil was filled into earthen pots lined with
polythene sheet. A mixture of nutrients was added to each pot; 300 mg N as urea and
150 mg P as KH2PO4 � H2O. The soils were contaminated with graded concentration
i.e. 0, 50, 100, 200, 400, 600 and 800 mg NaF kg�1 by adding Sodium Fluoride (NaF) to
the pots and thoroughly mixed. Each treatment was replicated four times. Fifteen
seeds of spinach (S. oleracea) cv. ‘‘Palak All Green” were sown. Six plants were main-
tained in each pot. Another 300 mg N as urea was applied at 20 days after sowing
as top dress. The irrigation was applied with de-ionised water. All the plants were
harvested at 35 days. Half of the plant sample was used for determination of the
water labile fluoride in the juices of shoots and roots immediately, whereas the other
half was segregated into shoots and roots and, dried, weighed, milled to pass through
0.2 mm sieve and kept for the total fluoride determination in the shoots and roots.
Similarly, soil samples collected from each pot after the harvest, were subjected to
the analysis of pH, CaCl2 extractable fluoride and total fluoride.

2.1. Soil analysis

pH (1:2) and EC (1:2) of the initial soil was determined by using ORION ion Ana-
lyser (5-Star series). Textural analysis (Sand, Silt, and Clay) of the soil was carried
out by International Pipette Method (Klute, 2002), organic carbon by Walkley Black
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Method, Fe2O3 and Al2O3 (Jackson, 1979). Soluble fluoride (0.01 M CaCl2 extract-
able) by the method adopted by Larsen and Widdowson, 1971, the detection limit
of the method (LOD) was 0.02 mg l�1. The total fluoride in the soil was determined
by Alkali fusion method using ion selective electrode technique (McQuaker and
Gurney, 1977), the LOD value was 0.05 mg l�1.

2.2. Water labile fluoride in the juice

The fresh shoots and roots of the spinach were thoroughly washed with distilled
water and the excess water was drained out, and remaining was wiped out with the
filter paper. Shoots were cut into small pieces and the juice was extracted by using
USHA LEXUS grinder cum juicer. Similarly the roots were grinded in mortal and pes-
tle and the juice were extracted by using a masoline cloth, as the quantity of the
roots was not sufficient to be fed into the juicer.

Five milliliters of the juice, each of shoots and roots were taken separately and
mixed with TISAB-IV (4 g CDTA + 58 g NaCl and 57 ml glacial acetic acid in 1 litre of
distilled water adjusted to pH 5.0–5.5 by 6 N NaOH) in 1:1 ratio and the fluoride
concentration was measured directly by using fluoride ion selective electrode
(Njenga et al., 2005) with the help of ORION ion analyzer 5 star series. The recovery
value of fluoride by this method was 96–102%.

2.3. Total fluoride in shoots and roots

The total fluoride in the shoots and roots were determined by extracting the
grinded and sieved samples with 0.1 N perchloric acid (Villa, 1979).The average
recoveries based on the spiked samples at two different levels of fluoride were
96 ± 8%.

2.4. Statistical analysis

The comparison of the treatment means were done by ANOVA and the level of
significance were determined at p = 0.05 and considered as significant. The data of
the CaCl2 extractable fluoride in soil and the added fluoride were subjected to the
moment correlation coefficient. The comparison of distribution of fluoride in the
root and shoot were done by chi-square test.

3. Results

3.1. Soluble fluoride in soil

The variation of soluble fluoride (CaCl2 extractable) in the soil
with the added fluoride was presented (Fig. 1). The product moment
correlation coefficient showed a positive relationship (r +0.92)
between the concentration of added fluoride and the CaCl2 extract
able fluoride in the soil. The correlation was significant at probabil
ity level p 0.05. The soluble fluoride varied between 2.57 mg kg�1

and 16.44 mg kg�1 in the treatment range of 0 800 mg NaF kg�1

soil. The data of soluble fluoride content of the soil under different
added fluoride was subjected to one way ANOVA. The difference
of the soluble fluoride content in soil were statistically not signifi
cant up to the added fluoride of 50 mg NaF kg�1 soil, followed by a
statistically significant increase in the soluble fluoride with the
added fluoride up to 200 mg NaF kg�1 soil. In the added fluoride
range of 200 600 mg NaF kg�1 soil, the soluble fluoride content
in the soil was statistically much the same which was followed by
further significant increase at 800 mg NaF kg�1 soil. The pH of the
soil showed an increasing trend with the added fluoride

>200 mg NaF kg�1 soil. The pH varied from 8.43 to 8.6 in the added
fluoride range of 200 800 mg NaF kg�1 soil (Fig. 2).

3.2. Bio mass yield

No visible symptom of phyto toxicity was noticed in the S. oler
acea with the added fluoride range of 0 800 mg NaF kg�1 soil.
However the root and shoot dry weight bio mass per plant was
found to decrease significantly at 600 mg NaF kg�1 soil and
800 mg NaF kg�1 soil respectively over the control (Fig. 3).

3.3. Fluoride concentration in shoot and root tissues

The fluoride concentration in the shoot and root (Fig. 4) showed
a linear trend with the added fluoride in the soil. The fluoride con
centration in the root and the shoot were increased statistically
with added fluoride. The concentration of fluoride in the shoots
varied between 23.5 mg kg�1 dry wt. (control) and 219.8 mg kg�1

dry wt. (800 mg NaF kg�1 soil). The fluoride concentration in root
and shoot were subjected to chi square test. The fluoride concen
tration of the root and shoot were statistically on par up to the
added fluoride of 200 mg NaF kg�1 soil, at the higher level of added
fluoride, the difference in fluoride concentration was statistically
significant. However the S. oleracea showed a significant difference
in the fluoride uptake between the root and shoot. At the added

Fig. 1. Effect of added NAF on the Cacl2 extractable – F concentration in soil. LSD
(0.05): Least significance difference between the means at the 0.05 probability level.

Fig. 2. Effect of added NaF on the changes of soil pH. The bar indicates the least
significance difference between the means at the 0.05 probability level.

Table 1
Analysis of initial soil used in the experiment

Parameters Value

Sand (%) 49.1
Silt (%) 18.5
Clay (% 32.5
Organic carbon (%) 0.41
pH (1:2) 8.42
EC (1:2) (dS m�1) 0.65
CaCl2 extractable fluoride (mg kg�1) 6.01
Total fluoride (mg kg�1) 311
Al2O3 (%) 1.25
Fe2O3 (%) 4.56
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range of 0 800 mg NaF kg�1 soil, the uptake of fluoride in the root
followed a linear response (Fig. 5). In this range of fluoride concen
tration, the uptake in shoot followed a sigmoid response.

3.4. Water labile fluoride in juice

It was found that the water labile fluoride in the juices of shoots
did show any regular pattern, water labile fluoride in the juice re
mained statistically on par up to the added fluoride level of
400 mg NaF kg�1 soil followed by an increase at the added fluoride
of 600 mg NaF kg�1 soil which was again followed by a statistically
similar value at 800 mg NaF kg�1 soil added fluoride (Fig. 6). In case
of root, there was a sharp increase of the water labile fluoride in
juice up to the level of 100 mg NaF kg�1 soil, beyond this, there
was a gradual increase in the water labile fluoride. The difference
in water labile fluoride in juice extract of root with the added fluo
ride was statistically significant. The water labile content varied
between 0.32 0.78 ppm in shoots and 1.03 2.79 ppm in roots.

4. Discussion

The total fluoride concentration in the soil generally do not cor
relate well with the uptake of fluoride by roots presumably be
cause it is the only fluoride in solution or easily desorbable
fluoride which is taken up by the plants (Brewer, 1965; Cooke et
al., 1976; Gisiger, 1968). Therefore for all the soils, it is the soluble
fluoride content that is biologically important to plants and ani
mals (Davison, 1983). Hence soluble fluoride (CaCl2 extractable)
was determined in the soils of different treatments. At such low
concentrations, adsorption by soil primarily occurs through ex
change with OH� of Al(OH)3, which is very low in this soil, rather
than with the crystal lattice OH� of clay minerals. Hence the solu
ble fluoride in soil did not increase up to the added fluoride of
50 mg NaF kg�1 soil. The sudden increase in the soluble fluoride
beyond this concentration of added fluoride may be due to the lack
of adsorption sites for fluoride in the soil. When the concentration
of the added fluoride increased from 200 to 600 mg NaF kg�1 soil,
the crystal lattice OH� of clay minerals, which happens to be at
higher level due to alkaline soil, also appeared to be replaced by
F�. As a result there was no significant increase in the soluble fluo
ride concentration due to maximum adsorption but with subse
quent addition of 800 mg NaF kg�1 soil, there was further a sharp
increase in soluble fluoride which may be mainly due to the release
of OH� during the adsorption process (Bower and Hatcher, 1967).
This release of OH� in turn increased the pH (Fig. 2) and hence
more fluoride was leached out in the soil solution due to high alka
linity which is in agreement with earlier findings (Stevens et al.,
1998).

Fig. 3. Effect of NaF on the bio-mass yield of Spinacea oleracea. LSD (0.05): Least
significance difference between the means at the 0.05 probability level.

Fig. 4. Effect of NaF on the F concentration in shoot and root of Spinacea Oleracea
LSD (0.05): Least significance difference between the means at the 0.05 probability
level.

Fig. 5. Effect of NaF on the F uptake of Spinacea oleracea. LSD (0.05): Least
significance difference between the means at the 0.05 probability level.

Fig. 6. Effect of added NaF on the labile – F concentration in shoot and root of
Spinacea oleracea. LSD (0.05): Least significance difference between the means at
the 0.05 probability level.
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The increased concentration of fluoride in the plant shoot be
yond a certain added level of fluoride may be attributed to the fact
that when a high concentration of the fluoride is added to the soil
or soil solution, pH becomes more alkaline, fluoride could increase
in the soil solution and more fluoride would be potentially avail
able for uptake by the plant root (Stevens et al., 1998). Garber,
1968 reported that larger doses of the order of 30 60 mg F%
(300 600 ppm) added to the soil increased the fraction of fluoride
in spinach by 190 675%.

Fluoride uptake in the S. oleracea followed a linear and sigmoid
response in the root and shoot respectively. Hewitt and smith
(1974) attributed sigmoidal uptake pattern to substrate co opera
tion (the affinity of an enzyme for its substrate increasing with
substrate concentration). At the added fluoride concentration be
yond 200 mg NaF kg�1 soil, the spinach root retained more fluoride
than shoot. This may be partly due to dilution of fluoride in shoot
due to increased shoot biomass and partly due to restricted trans
location of fluoride from the root to shoot. This suggests S. oleracea
has a tolerance mechanism for fluoride at tissue level. Higher con
centration of fluoride in roots than in shoot, probably due to low
permeability through the endodermis (Keller, 1980; Takmaz Nis
aneiouglu and Davison, 1988).

S. oleracea have ability to tolerate high level of added fluoride in
the soil, either by excluding fluoride at the root or detoxifying fluo
ride at cellular level in plant. Critical concentrations are very much
dependent on plant species. Visible symptom of fluoride toxicity
does not appear even at a higher level of added fluoride. Fluoride
toxicity in plants is normally manifested by marginal necrosis
(tip burn, scorching, or lesions) on foliage, which begins on the
margin or tips of the leaves and moves inward (Brewer, 1966).
All the vegetables do not accumulate fluoride to the same extent
and variations among vegetables are high (Khandare and Rao,
2006). It is reported that spinach is a good accumulator of fluoride
(Sheldrake et al., 1978). The water soluble fluoride in soil recorded
in this experiment is also encountered in the fluoride polluted
areas such as brick kiln (Supharungsun and Wainwright, 1982)
and aluminum smelter industries (Milhaud et al., 1990). The spin
ach grown in those areas may have a lot of health consequences in
long run. Singh et al. (1995) has also reported that leafy and roots
vegetables accumulate more fluoride.

Consumption of vegetable juices as healing therapy has become
popular (Njenga et al., 2005) and has concern for the fluoride con
centration in the extracted juices. Most of the water labile fluoride
present in the root than shoot. Venkateswarlu et al. (1965) re
ported that most of the fluoride adsorbed by roots of Hordeum
vulgare was desorbed in water, indicating that most of it retained
in the apoplast. The water labile fluoride and total fluoride in
leaves and roots varied differently with the added fluoride. This
might be due to assimilation of fluoride as complex form in the
shoot of spinach and not available as labile fluoride. This indicated
that spinach plant has distinct mechanism for partitioning both the
water labile fluoride and total fluoride at tissue level.

5. Conclusions

The results of the pot experiment indicate that spinach accumu
lates much of fluoride in its tissues. It was also found that the plant
has a partitioning mechanism for water labile and total fluoride in
its tissues. It restricts translocation of fluoride from root to the
shoot, sparing the plant part mostly used for consumption. High
uptake capacity of the spinach for fluoride from soil, necessitate
its monitoring from time to time. When the F content in the plant
is high it may have several health consequences as it is a popular
vegetable. Therefore it is desirable to that this type of vegetable
be cultivated away from the source of fluoride accumulation in soil.
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a b s t r a c t

A pot experiment was carried out under controlled condition to investigate the accumulation, uptake and
toxicity effects of fluoride (F) in onion (Allium cepa L.) grown on the soil contaminated by inorganic fluo
ride (NaF). Six different levels of soil contamination were used by adding 0, 100, 200, 400, 600 and 800 mg
NaF kg�1 to the soil. The F concentration in shoot, bulb and root varied between 16.3 and 109.1 mg F kg�1,
15.8 and 54.3 mg F kg�1 and 18.6 and 151.6 mg F kg�1, respectively. The visible symptoms of F toxicity in
terms of tip burning and death of the plant was noticed in highly contaminated soils (>400 mg NaF kg�1

soil). The phyto toxic threshold limit (LC50) in onion shoot was found to be 55 mg F kg�1, beyond which
the biomass yield decreased by 50%. It was also inferred from the study that there is a partitioning of F in
onion, with more accumulation in roots and shoots than in bulbs. The order of retention of fluoride in
onion found to be roots > shoot > bulb.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorine is widespread in the environment, occurs in soil, water,
air and vegetations. The principal source of fluoride (F) that causes
fluorosis in humans is believed to be the sources of drinking
waters. However, some food materials also contribute considerable
amount to the total intake of fluoride (Singer and Ophauge, 1979;
Singh et al., 1993). F is not an essential element for plant but is
essential for animals and humans. The continuous ingestion by
animals in excessive amounts of F may lead to fluorosis and the
sub optimal levels in the diet can have an equally damaging effect
(Kabata Pendias, 1989; Stevens et al., 1995). The F level in air,
water and soil needs to be at an appropriate level for living organ
ism (Khoshoo, 1985). The world Health Organisation (WHO, 1984)
and Bureau of Indian Standards (BIS, 2003) have laid down the
maximum permissible limits of F in drinking water as 1.5 mg L�1

and 1.0 mg L�1, respectively, but there is no stringent threshold
limits of F in soil and plants above which the ingestion may be det
rimental to human health. The gaseous F emitted from the indus
trial source is known to have phyto toxic effects on plants. Plants
can also incorporate F from contaminated soils (Arnesen, 1997).
The F thus absorbed is translocated to the shoots, causing physio
logical, biochemical and structural damage and even cell death,
depending on the concentration in the cell sap (Miller, 1993). Some
plants accumulate F and even at higher concentration (up to
4000 lg F g�1 do not show sign of toxicity (Jacobson et al., 1966;
Sheldrake et al., 1978). Most other plants show sign of toxicity at

much lower concentration (Brewer, 1966), while some species
are extremely sensitive to concentration <20 lg g�1 (Jacobson
et al., 1966; Istas and Alaerts, 1974).

For all soils, it is the soluble F content that is biologically impor
tant to plants and animals (Davison, 1982). The solubility of F in
soil is controlled mainly through F adsorption by inorganic constit
uents of the soil and soil pH (McLaughlin et al., 2001; Loganathan
et al., 2003). In normal soil, the fluorine is strongly adsorbed to the
soil (Barrow, 1986) and hence plant uptake of F is generally mini
mal (Singh, 1990; Mclaughlin et al., 1997). The greater solubility of
F under acidic conditions was explained by the formation of AlFx

complexes, whereas under alkaline conditions by desorption of
free F as a result of repulsion by the negatively charged surfaces
(Wenzel and Blum, 1992).

Onion, is one of the most important commercially valuable crop
in India and is consumed by the population as salad, vegetable and
spice. Onion was therefore chosen to study F accumulation, uptake
and toxicity when grown on contaminated soil.

2. Materials and methods

Soil samples were collected from the upper part of soil
(0 15 cm) classified as Typic Natrustalfs, from the research farm
of Central Soil Salinity Research Institute, Regional Research Sta
tion, Lucknow. The soil was thoroughly mixed, dried, ground and
sieved through 2.0 mm sieve. The basic characteristics of the initial
soil such as pH, EC, sand, silt, clay, organic carbon, total fluoride,
and CaCl2 extractable fluoride were determined and are given in
Table 1. Thoroughly mixed 8 kg soil was filled into earthen pots
lined with polythene sheet. A mixture of nutrients was added to
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each pot, 1.16 g N as urea and 890 mg P as KH2PO4 � H2O and
340 mg K as murette of potash. The N was applied in two splits,
half as basal and other half at 60 d after plantation. The soils of
each pot were contaminated with graded concentration i.e. 0,
100, 200, 400, 600 and 800 mg NaF kg�1 by adding sodium fluoride
(NaF) and thoroughly mixed. Each treatment was replicated four
times. 8 Nos. of 20 d onion (Allium cepa L.) seedling cv. ‘‘Pusa Red”
were transplanted. Five plants were maintained in each pot. The
irrigation was applied with de ionised water. All the plants were
harvested at 90 d after transplanting. The plants were air dried
for 2 d and segregated into shoots, roots and bulb. It was then oven
dried at 70 oC, weighed till a constant weight was achieved. It was
then milled to pass through 0.2 mm sieve and kept for the total F
determination in the shoots, roots and bulb. Similarly, soil samples
collected from each pot after the harvest, were subjected to the
analysis of pH, soluble F (CaCl2 extractable).

2.1. Soil analysis in the experimental soil

pH and EC of the initial soil was determined by using ORION ion
Analyser (5 Star series). Textural analysis (Sand, Silt and Clay) of
the soil was carried out by International Pipette method (Klute,
2002), organic carbon by Walkley Black method, Fe2O3 and Al2O3

(Jackson, 1979), CaCl2 (0.01 M) extractable F by the method
adopted by Larsen and Widdowson (1971). The detection limit of
the method (LOD) was 0.02 mg L�1. The total F in the soil was
determined by Alkali fusion method using ion selective electrode
technique (McQuaker and Gurney, 1977), the LOD value was
0.05 mg L�1.

2.2. Total F determination in shoots, roots and bulb

The Total F in the shoots, roots and bulb were determined by
extracting the grinded and sieved samples with 0.1 N perchloric
acid (Villa, 1979). Accurately weighed 1 g of powdered samples
was stirred magnetically with 25 mL of 0.1 N perchloric acid for
25 min. Subsequently 25 mL of 0.1 N perchloric acid was added be
fore measurement. The average recoveries based on the spiked
samples at two different levels of F were 96 ± 8%.

2.3. Statistical analysis

The comparison of the treatment means were done by ANOVA
and the level of significance were determined at p 0.05 and con
sidered as significant

3. Results and discussion

3.1. Soluble F in soil

The total F concentration in the soil generally do not correlate
well with the uptake of F by roots presumably because it is the only

F in solution or easily desorbable F which is taken up by the plants
(Brewer, 1965; Cooke et al., 1976; Gisiger, 1968). Therefore for all
the soils, it is the soluble F content that is biologically important to
plants and animals (Davison, 1983). Hence soluble F (CaCl2 extract
able) was determined in the soils of different treatments. The var
iation of soluble F in the soil with the added F was presented
(Fig. 1). It was found that the soluble F varied between 2.93 mg
F kg�1 and 30.86 mg F kg�1 in the treatment range of 0 800 mg
NaF kg�1 soil. Up to the added 100 mg NaF kg�1 soil, the soluble
F was at par with the control. There was a sharp increase of the sol
uble F with the added F up to 200 mg NaF kg�1 soil and then in
creased steadily with the increase of the added F which may be
mainly due to the release of OH� during the adsorption process
(Bower and Hatcher, 1967). This release of OH� in turn might have
increased the pH (Fig. 2) and hence more F leached out in the soil
solution due to high alkalinity, which is in agreement with earlier
findings (Stevens et al., 1998).

3.2. Biomass yield

Visible symptom of F toxicity was noticed in Allium cepa L. from
the added dose of 400 mg NaF kg�1 soil onwards. The toxicity
symptoms were in terms of tip burning and even plant death.
There was no significant decrease in shoot, root and bulb biomass
in soil treated with low NaF concentrations (up to 200 mg NaF kg�1

soil) (Fig. 3). A decrease of 20%, 59% and 70% biomass was observed
at 400, 600 and 800 mg NaF kg�1 in roots, shoots and bulbs, respec
tively. This suggested that the plant is unable to tolerate addition
of F higher than 400 mg NaF kg�1 soil. Some species like Gladiolus
and Freesia are extremely sensitive to even lower concentration of
F (Jacobson et al., 1966; Istas and Alaerts, 1974).

3.3. F uptake by onion tissues

The concentration of F in the shoot, onion bulb and root showed
almost a linear trend with the added fluoride in the soil (Fig. 4). The
concentration of F in shoot, bulb and roots varied between 16.3 and
109.1 mg F kg�1, 15.8 and 54.3 mg F kg�1 and 18.6 and 151.6 mg
F kg�1, respectively, in the treatment range of 0 800 mg NaF kg�1

soil. The F concentration in the shoot and root showed a steady in
crease with the increase in added NaF. However, the concentration
of F in bulb up to 200 mg NaF kg�1 soil, was statistically at par
(p < 0.05) with control. The onion bulb consumed as spice and sal
ad in India, is comparatively less contaminated than shoots which

Table 1
Initial characteristics of the soil used for pot culture experiment.

Parameters Value

Sand (%) 49.1
Silt (%) 18.5
Clay (%) 32.5
Organic carbon (%) 0.41
pH (1:2) 8.42
EC (1:2) (dS m�1) 0.65
CaCl2 extractable fluoride (mg kg�1) 6.01
Total fluoride (mg kg�1) 311
Al2O3 (%) 1.25
Fe2O3 (%) 4.56

Fig. 1. Effect of added NaF on the water soluble – F concentration in soil. The water
soluble F concentration represents the mean of four samples. The bars represent the
standard deviation (SD).
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is used as leafy vegetable. It was also found that there is a parti
tioning of F with more accumulation in roots and shoots than in

bulbs. The higher biomass of bulb may have dilution effect leading
to lower concentration. The order of retention of F in onion found
to be roots > shoot > bulb. The higher concentration of F in roots
than in shoot is probably due to low permeability through the
endodermis (Keller, 1980; Takmaz Nisaneiouglu and Davison,
1988). Despite having higher biomass of the bulb, the total uptake
of bulb is less than that of shoot (Fig. 5), which is due to higher con
centration of fluoride in shoot. The low uptake of root was because
of lower biomass of the roots.

3.4. Shoot F and phyto toxic threshold limit

The scattered diagram (Fig. 6) shows that the biomass yield de
creased with increase in the F concentration in shoot (r �0.96,
p < 0.05). The phyto toxic threshold limit for F is defined here as
mean F concentration in shoot beyond which the biomass yield de
creased by 50%. The phyto toxic threshold limit (LC50) in onion
shoot was found to be 55 mg F kg�1. The information on the phy
to toxic threshold limits of F on plants is quite limited especially
when the ionic species of F are taken up by the plant roots from

Fig. 2. Effect of added NaF on the changes of soil pH. The bar indicates the least
significance difference (LSD) between the means at the 0.05 probability level.

Fig. 3. Effect of NaF on the biomass yield of onion (Allium cepa L.): the biomass yield
represents the mean of four samples. The bars represent least significance
difference (LSD) between the means at the 0.05 probability level.

Fig. 4. Effect of NaF on the F concentration in shoot, bulb and root of onion (Allium
cepa L.): the F concentration represents the mean of four samples. The bars
represent least significance difference (LSD) between the means at the 0.05
probability level.

Fig. 5. Effect of NaF on the F uptake of onion (Allium cepa L.): the uptake value
represents the mean of four samples. The bars represent least significance
difference (LSD) between the means at the 0.05 probability level.

Fig. 6. Cate and Nelson diagram showing LC50 of F in shoot tissue for onion (Allium
cepa L.).
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the soil. However, Arnesen (1997) found the visible toxicity symp
toms due to F in white clover only at 200 mg F kg�1 of soil and at
larger than 400 mg F kg�1soil, showed toxic effects in all the plants.
A solution culture study on tomato (Lycopersicon esculentum L.) re
vealed that the activities of F in solution significantly limited dry
weight of tomato shoot between 1476 and 2412 lM F (Stevens
et al., 1998). The linear regression equation for the shoot F concen
tration and biomass yield showed that shoot F concentration ac
counted 92.34% variability in biomass yield. LC50 determined in
this study may vary depending upon the types of soil and the vari
ations in sensitivities of onion cultivars to F. The variability be
tween plant species in sensitivity to gaseous F is well
documented (Weinstein, 1977; Ivinskis and Murray, 1984)
whereas further research is needed to know the variability be
tween cultivars sensitive to soil F, which was beyond the scope
of the present study.

4. Conclusions

The results of the present study indicated that among the edible
parts of onion, F is accumulated more in the shoot than in the
onion bulb. However, the roots are the main accumulation site.
This indicated that onion plant has a partitioning mechanism for
F in its tissues. Both the shoot and the bulb of onion are consumed
in India as vegetable and spice, respectively. Even onion bulb is
consumed as salad along with the food. The F accumulation pattern
in the onion tissues in this study suggests that there should be a
constant monitoring of uptake in the onion and should not be
grown in the F contaminated areas.
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Abstract—Inorganic fluorides were declared toxic under the Canadian Environmental Protection Act in 1993 based on their potential
to cause long-term harmful effects in aquatic and terrestrial ecosystems, but information on the toxicity of sediment-associated
fluoride to freshwater benthic organisms was considered incomplete. The purpose of this study was to determine the toxicity of
aqueous and sediment-associated fluoride to several species of freshwater organisms and to determine if toxic effects could be
expected under environmentally realistic exposures. Toxicity of fluoride (as NaF) in short-term (48–96-h) lethality tests was greatest
for the amphipod Hyalella azteca (median lethal concentration [LC50] 5 14.6 mg F2/L), followed by the mayfly Hexagenia limbata
(32.3), the midge Chironomus tentans (124.1), the fathead minnow Pimephales promelas (262.4), and the cladoceran Daphnia
magna (282.8). Relative toxicity in long-term (10–28-d) growth and survival tests in spiked sediment was similar. Hyalella azteca
was the most sensitive species for growth (25% inhibitory concentration [IC25] 5 290.2 mg F2/g), followed by C. tentans (661.4),
H. limbata (1,221.3), and P. promelas (.5,600); H. azteca was also the most sensitive species for survival (LC50 5 1,114.6 mg
F2/g), followed by H. limbata (1,652.2) and P. promelas and C. tentans (.5,600 for both). Concentrations of fluoride measured
in sediments near some industrial point sources exceed some of these toxicity thresholds. Fluoride is highly mobile in aquatic
systems and could potentially reach toxic levels in the water column during dredging to remove fluoride-contaminated sediment.

Keywords—Fluoride Toxicity Freshwater organisms Sediment

INTRODUCTION

Inorganic fluorides were declared toxic under paragraph
11(a) of the Canadian Environmental Protection Act in 1993
based on the conclusion of the Priority Substances List As-
sessment Report that ‘‘inorganic fluorides are entering the Ca-
nadian environment from anthropogenic sources in quantities
resulting in concentrations in some Canadian waters, plants,
and air, that may cause long-term harmful effects to biota in
aquatic and terrestrial ecosystems’’ [1]. The report recom-
mended the acquisition and evaluation of additional data in
several areas to permit a more complete assessment of fluo-
rides, and one of these areas was ‘‘the relationship between
the levels of fluoride in sediment and toxicity to benthic or-
ganisms (in areas of Canada where high levels of inorganic
fluorides in sediments are known or expected to occur).’’

The major anthropogenic sources of inorganic fluorides in
Canada are phosphate fertilizer production, chemical produc-
tion, and aluminum smelting. These three sources collectively
account for over 75% of the estimated 23,500 tons of inorganic
fluorides released to the Canadian environment annually. More
than 13,500 tons of this material are released in effluents [2].
The average concentration of inorganic fluoride in freshwaters
across Canada is 0.05 mg F2/L, with concentrations in the
vicinity of industrial activities reaching levels as high as 11.0
mg F2/L [2]. The toxicity of fluoride in water has been de-
termined for a variety of freshwater organisms, including sev-
eral species of salmonids, sticklebacks, cyprinids, caddisfly

* To whom correspondence may be addressed
(janice.smith@ec.gc.ca).

larvae, bivalves, cladocerans, and algae (see [2] for a review).
The most sensitive freshwater species tested to date is the
fingernail clam, Musculium transversum, based on an eight-
week LC50 of 2.8 mg F2/L. By ‘‘dividing the lowest-observed-
effect-levels by a factor of 10 to account for differences in
inter-species sensitivity and to extrapolate laboratory findings
to the field,’’ Environment Canada and Health Canada [1] have
estimated the effects threshold for freshwater species to be
0.28 mg F2/L.

Data on levels of inorganic fluorides in sediments near
known discharges to the Canadian environment are limited to
one location in the marine environment. Fluoride levels in
sediments located within 150 m of an aluminum smelter outfall
in British Columbia averaged 1,370 (range 149–3,460) mg
F2/g dry weight, with concentrations of 290, 220, and 140 mg
F2/g observed at distances of 150, 400, and 800 m, respec-
tively, from the plant [3,4]. To our knowledge, no published
data exist on the toxicity of sediment-associated fluoride to
aquatic organisms.

The purpose of this study was to determine the toxicity of
aqueous and sediment-associated fluoride to several species of
freshwater organisms and to determine if toxic effects could
be expected under environmentally realistic exposures. This
study was part of a larger study to assess the toxicity of sed-
iments near the Reynolds Metals Company aluminum pro-
duction plant in Massena (NY, USA), which discharges its
effluent into the international section of the St. Lawrence River
near Cornwall (ON, Canada) [5,6], as well as the potential
impact on the aquatic ecosystem of a proposed dredging op-
eration to remove sediments contaminated with polychlori-

 This article is protected by copyright and is provided by the University of Wisconsin-
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nated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs), fluoride, cyanide, aluminum, and dibenzofurans from
the river bottom [7].

METHODS

Preliminary tests to determine the toxicity of aqueous and
sediment-associated fluoride to fathead minnows (Pimephales
promelas) were conducted in 1993, and tests on a broader
range of organisms were conducted in 1994.

Toxicity of aqueous fluoride to freshwater organisms

Preliminary 7-d growth and survival tests were conducted
with larval fathead minnows exposed to reagent-grade sodium
fluoride in solution. Sodium fluoride is the compound most
frequently used to assess the toxicity of fluoride to aquatic
organisms [2]. Environment Canada’s test protocols [8] were
followed. Briefly, four replicates of 10 larvae (,24 h post-
hatch) each were exposed to concentrations of 250.0, 125.0,
62.5, 31.0, 15.5, and 7.8 mg F2/L plus a control (;0.2 mg/L)
under static renewal conditions at 258C. Larvae were fed and
examined daily for mortality and swimming behavior, and
mean dry weight was determined at the end of the test. As
fluoride is known to be more toxic in soft water [1], testing
was conducted at two hardnesses: 280 mg/L as CaCO3 (well
water) and 160 mg/L (; hardness of St. Lawrence River
water). The no-observed-effect concentration (NOEC), lowest-
observed-effect concentration (LOEC), and IC25 were deter-
mined for both endpoints. The ICp is defined as ‘‘the inhibiting
concentration for a (specified) percentage effect. It represents
a point estimate of the concentration of test material that causes
a designated percentage impairment in a quantitative biological
function such as growth of fish’’ [8]. In this study, IC25 refers
to the concentration of fluoride estimated to cause a 25% in-
hibition of growth or survival of P. promelas relative to the
control. Inhibition concentration values were calculated using
linear interpolation.

A series of acute lethality tests was used to determine the
toxicity of fluoride to P. promelas and four species of inver-
tebrates, namely, the mayfly Hexagenia limbata, the midge
Chironomus tentans, the amphipod Hyalella azteca, and the
cladoceran Daphnia magna. As in the preliminary tests, ap-
propriate amounts of reagent-grade NaF were added to labo-
ratory dilution water to obtain the desired exposure concen-
trations. Hardness was adjusted to 140 to 150 mg/L (similar
to concentrations observed in the St. Lawrence River during
the course of the larger study), pH was 7.8 6 0.2, and tem-
perature was 208C. Each test species was exposed to a geo-
metric series of five concentrations of fluoride; concentrations
varied with the test species and ranged from 6 to 5,600 mg
F2/L. Test conditions for each test organism are described
briefly here.

Tests on juvenile (10-d-old) P. promelas followed U.S.
Environmental Protection Agency protocols [9]. Two repli-
cates of 10 fish each, plus one control, were exposed for 96
h under static renewal conditions. Fish were fed 0.2 ml brine
shrimp nauplii following renewal of the solution at 48 h. Tests
on H. limbata followed methods used by the Ontario Ministry
of the Environment (D. Bedard, Toronto, ON, Canada, personal
communication). Two replicates of five mayfly larvae (three
to four months old) each, plus one control, were exposed for
96 h under static conditions. Larvae were fed 0.2 ml of Hex-
agenia diet. The diet was prepared by blending 0.9 g (dry wt)
of finely crushed Tetra conditioning food (Tetra Werke, Melle,

Germany) and 100 ml of laboratory dilution water into a fine
slurry. Tests on C. tentans also followed the methods of the
Ontario Ministry of the Environment. Two replicates of 10
larvae (10-d-old) each, plus one control, were exposed for 96
h under static conditions. Two grams of silica sand were added
to each test container, and the larvae were fed 0.005 g Tetra
fish food on the first day of the test. Tests on H. azteca followed
procedures recently developed at the National Water Research
Institute (K.E. Day, National Water Research Institute, Bur-
lington, ON, Canada, personal communication). Two replicates
of five amphipods (1–7-d-old) each, plus one control, were
exposed for 48 h under static conditions, without feeding. Tests
on D. magna followed Environment Canada’s protocols [10].
Four replicates of three animals each were exposed for 48 h
under static conditions without feeding. The LC50 for fluoride
was calculated for each test species.

Toxicity of sediment-associated fluoride to freshwater
organisms

Preliminary 21-d growth and survival tests were conducted
with P. promelas exposed to sediment from Long Point, Lake
Erie, spiked with NaF. Long Point sediment is routinely used
as a control sediment in toxicity testing at the National Water
Research Institute [11]. For each treatment, an appropriate
amount of NaF was weighed out, dissolved in 10 ml of dilution
water, and thoroughly blended with 325 ml of wet control
sediment. A 1,300-ml volume of dilution water (water:sedi-
ment ratio 5 4:1, v/v) was gently poured into the test container,
which was then covered to prevent evaporation and allowed
to equilibrate overnight before beginning the test. Test pro-
tocols of the Ontario Ministry of the Environment were fol-
lowed [12]. Briefly, four replicates of 10 three- to four-month-
old (250–400 mg wet wt) fish each were exposed to nominal
concentrations of 1,100, 500, and 110 mg F2/g dry weight plus
a control (;5 mg F2/g) under static conditions at 208C. The
highest concentration tested was similar to the concentration
observed in a sediment sample collected within 50 m of the
main plant outfall at Reynolds Metals on November 17, 1993
[5]. Fish were fed 1% of mean body weight per day. Hardness
of the dilution water was adjusted to 160 mg/L to approximate
the hardness of St. Lawrence River water. Growth was mea-
sured as the difference between the average final weight and
average initial weight of all fish in each replicate.

A series of growth and survival tests was conducted with
P. promelas, H. limbata, C. tentans, and H. azteca. Tests on
P. promelas followed the same protocols as the preliminary
tests (described previously), except that three replicates of 10
fish each were exposed to each treatment and the test fish were
smaller (80–110 mg). Tests on H. limbata and C. tentans also
followed the previously described protocols [12]. Both tests
were conducted under static conditions at 208C in glass jars
containing 1,300 ml water and 325 ml sediment. Three rep-
licates of 10 mayfly larvae or 15 midge larvae were exposed
to each treatment. Tests on mayfly larvae were 21 d in duration,
and tests on midge larvae were 10 d in duration. Mayfly larvae
were three to four months old (5–25 mg) and were fed 1 ml
Hexagenia diet weekly. Midge larvae were 10 to 12 d old and
were fed 1 ml of the same diet per chamber. Tests on H. azteca
followed procedures recently developed at the National Water
Research Institute (K.E. Day, personal communication). Three
replicates of 10 amphipods (1–7-d-old) each were exposed for
28 d under static conditions at 208C in jars containing 200 ml
water and 50 ml sediment; the animals were fed weekly. Each
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Table 1. Toxicity of aqueous fluoride (as NaF) to larval fathead
minnows, Pimephales promelas, in 7-d growth and survival tests

at 258C

Concn. of fluoride (mg F2/L)

Hardness 280
mg/L as CaCO3

Survival Growth

Hardness 160
mg/L as CaCO3

Survival Growth

NOECa

LOECb

IC25c

125
250
145

63
125

94

63
125
132

63
125

72

a NOEC 5 no-observed-effect concentration.
b LOEC 5 lowest-observed-effect concentration.
c IC25 5 25% inhibitory concentration.

Table 2. Toxicity of aqueous fluoride (as NaF) to Pimephales
promelas, Daphnia magna, Hyalella azteca, Hexagenia limbata, and

Chironomus tentans in short-term lethality tests at 208C

Test species
Test

duration (h)
LC50a as mg/L

(95% confidence limits)

P. promelas (juvenile)
D. magna
H. azteca
H. limbata
C. tentans

96
48
48
96
96

262.4 (200–400)
282.8 (200–400)
14.6 (12.5–25)
32.3 (10.3–51.6)

124.1 (91.6–152.9)

a LC50 5 median lethal concentration.

Table 3. Toxicity of sediment-associated fluoride to juvenile
Pimephales promelas (250–400 mg wet wt) in 21-d growth and

survival tests at 208C

Nominal concn.
in sediment
(mg F2/g dry wt)

Endpoint and response

Survival Weight change

1,100
500
110

5a

100%
98%

100%
95%

10.5% (11.63 mg)
10.7% (11.85 mg)
21.3% (24.15 mg)
11.4% (13.75 mg)

a Measured concentration was 4.62 mg F2/g dry weight.

test species was exposed to a geometric series of four con-
centrations of fluoride in sediment. Concentrations varied with
the test species and ranged from 175 to 5,600 mg F2/g dry
weight. Two endpoints were used, namely, the LC50 for sur-
vival and the IC25 for growth. Growth was measured as the
difference between the average final weight and average initial
weight of all test organisms in each replicate.

Analysis of water and sediment for fluoride

A 100-g (wet wt) sample of the Long Point control sediment
was analyzed for fluoride. The sediment was placed in a plastic
jar and frozen, then freeze-dried using a Labconco Lyph-Lock
6t freeze dryer fitted with a Model 77560 Lyph-Lock Stop-
pering Tray Dryert (Kansas City, MO, USA) for precise tem-
perature control. After drying, the sample was homogenized
using a mortar and pestle. Samples of overlying water (250
ml) from one replicate of each of the 110- and 1,100-mg-F2/g
preliminary spiked sediment tests with P. promelas were col-
lected at the beginning and end of the tests and analyzed for
fluoride. Similarly, samples of overlying water were taken on
days 0, 12, and 21 from one replicate of each treatment of the
spiked sediment tests with mayfly larvae. Laboratory dilution
water was also analyzed for fluoride. All analyses were per-
formed by the Wastewater Technology Centre (Burlington,
ON, Canada) using the ion-selective electrode method [13].

RESULTS

Toxicity of aqueous fluoride

Fluoride was found to be more toxic to larval P. promelas
in water with a hardness of 160 mg/L than in water with a
hardness of 280 mg/L in 7-d growth and survival tests (Table
1). Hardness had a greater effect on survival than growth of
fish.

Results of short-term lethality tests on five freshwater or-
ganisms (Table 2) showed that H. azteca was the most sensitive
species (LC50 5 14.6 mg F2/L), followed by H. limbata (LC50
5 32.3 mg F2/L) and C. tentans (LC50 5 124.1 mg F2/L).
Pimephales promelas and D. magna were considerably less
sensitive to fluoride, with LC50s of 262.4 and 282.8 mg
F2/L, respectively.

Toxicity of sediment-associated fluoride

No significant difference was observed in survival or
growth of juvenile P. promelas exposed for 21 d to nominal
concentrations of 1,100, 500, and 110 mg F2/g dry weight in
sediment relative to the Long Point, Lake Erie, control sedi-
ment (Table 3). Only two of the 40 control minnows and one

minnow in the 500-mg-F2/g exposure died during the test.
Furthermore, no significant difference was observed in sur-
vival or growth of juvenile P. promelas exposed for 21 d to
nominal concentrations ranging from 700 to 5,600 mg F2/g
relative to the control sediment. Only one of the 30 control
minnows and three minnows in the 700-mg-F2/g exposure died
during the tests.

Results of long-term (10–28-d) growth and survival tests
on four species of freshwater organisms showed that H. azteca
was the most sensitive species for the growth endpoint (IC25
5 290.2 mg F2/g), followed by C. tentans (661.4 mg F2/g),
H. limbata (1,221.3 mg F2/g), and P. promelas (see previous
discussion); H. azteca was also the most sensitive species for
the survival endpoint (LC50 5 1,114.6 mg F2/g), followed by
H. limbata (1,652.2 mg F2/g). Survival of fathead minnows
and chironomids were unaffected by the highest concentration
tested (5,600 mg F2/g).

The concentration of fluoride in laboratory dilution water
was 0.16 mg F2/L, with a standard deviation (SD) of 0.10.
Concentrations measured in overlying water from the spiked
sediment tests with P. promelas in 1993 and H. limbata in
1994 increased over the duration of the tests (Table 4). In all
tests at nominal exposures of 1,100 mg F2/g or greater, the
concentration of fluoride in overlying water on day 21 was
almost exactly one one-hundredth of the original concentration
spiked into the sediment.

DISCUSSION

Toxicity of aqueous and sediment-associated fluoride

A recent review of the literature on the behavior of fluoride
in aquatic systems concluded that fluoride ion is not very toxic
to aquatic organisms, especially in hard, cold waters [14].
Results of the present study generally support this view. Fluo-
ride was found to be more toxic to larval fathead minnows
(P. promelas) under the moderately hard water conditions
characteristic of the St. Lawrence River (160 mg/L) than at
the hardness of well water (280 mg/L). Fathead minnows and

349



164 Environ. Toxicol. Chem. 22, 2003 J.L. Metcalfe-Smith et al.

Table 4. Concentrations of fluoride (as NaF) in overlying water during
21-d growth and survival tests on spiked sediment with Pimephales

promelas and Hexagenia limbata

Nominal concn.
in sediment
(mg F2/g dry wt or ppm)

Concn. measured
in overlying water

(mg/L or ppm)

Day 0 Day 12 Day 21

Conversion
factor

(water to
sediment)a

Control (4.62; H. limbata)
110 (P. promelas)
700 (H. limbata)

1,100 (P. promelas)
1,400 (H. limbata)
2,800 (H. limbata)
5,600 (H. limbata)

0.169b

0.55
3.10
1.87
3.26
7.89

17.7

0.247
—

11.3
—

13.7
24.9
56.8

,0.03
3.18

10.4
10.1
14.0
26.8
60.9

193
353
673

1093
1003
1043

923

a Concentration in water on day 21 used for all exposures except the
control, where data from day 12 were used.

b Concentration in laboratory dilution water 5 0.16 mg/L (standard
deviation 5 0.1).

Fig. 1. Toxic thresholds (median lethal concentration [LC50] for sur-
vival and 25% inhibitory concentration [IC25] for growth, with 95%
confidence interval [CIs]) for four species of aquatic organisms ex-
posed for 10 to 28 d (see text) to fluoride in spiked sediment tests
relative to the highest concentrations reported from the Reynolds Met-
als study area [5] and in the Canadian environment [1].D. magna were less sensitive than H. azteca, H. limbata, and

C. tentans in aqueous exposures to fluoride, with LC50s of
262.4 mg/L (96 h) and 282.8 mg/L (48 h), respectively, at
208C and a hardness of 140 to 150 mg/L CaCO3. To our knowl-
edge, the latter three species have never been tested before;
however, other studies reported comparable results for fathead
minnows and cladocerans. One study reported 96-h LC50s of
205 and 180 mg F2/L for fathead minnows at 208C and hard-
nesses of 256 and 92 mg/L CaCO3, respectively [15], and
another study [16] reported 96-h LC50s of 124 to 194 mg
F2/L for fatheads at 158C and hardnesses ranging from 69 to
292 CaCO3. The 48-h LC50 for D. magna was estimated to
be 247 mg F2/L at 208C [17]. Four species of cladocerans (D.
magna, Daphnia carinata, Simocephalus vetulus, and Cer-
iodaphnia dubia) were found to be relatively tolerant of NaF,
with 24-h LC50s ranging from 353.6 mg F2/L (D. magna) to
157.9 mg F2/L (C. dubia) at 208C [18]. The LC50 for C. cf.
pulchella was only 83.2 mg F2/L, but the author noted that
this species had poor survival in laboratory settings.

Rainbow trout (Oncorhynchus mykiss) and fathead min-
nows were found to be more sensitive to fluoride than stick-
lebacks (Gasterosteus aculeatus), although the differences be-
tween species were not great: 96-h LC50s ranged from 180 to
460 mg F2/L over a range of pH, temperature, and hardness
[15]. In addition to the present study, several studies have
shown that some aquatic invertebrates are more sensitive to
fluoride than fish. For example, net-spinning caddisfly larvae
(Family hydropsychidae) were more sensitive to fluoride than
either brown trout (Salmo trutta fario) or rainbow trout [19].
For comparison, 120-h LC50s were 135.6 mg F2/L for brown
trout, 92.4 mg F2/L for rainbow trout, and 13.4 to 31.9 mg
F2/L for three species of hydropsychids at hardnesses of 22
to 42 mg CaCO3/L. Rainbow trout and the fingernail clam,
Musculium transversum, are among the most sensitive fresh-
water species tested to date; a 20-d LC50 of 3.7 mg F2/L has
been reported for trout at 138C and a hardness of 3 mg CaCO3/
L, and an eight-week LC50 of 2.8 mg F2/L has been reported
for M. transversum [1].

Concentrations of fluoride in river water collected from 11
sites in the vicinity of the Reynolds Metals plant (Massena,
NY, USA) in 1990 ranged from 0.10 to 0.21 mg F2/L, except
for a concentration of 1.40 mg F2/L measured immediately
adjacent to the main plant outfall [20]. These concentrations
are well below levels that were acutely toxic to the five or-

ganisms tested in this study (14.6–282.8 mg F2/L). The highest
concentration reported to date from Canadian surface waters
is 11.0 mg F2/L downstream of an open pit tin mine tailings
pond in Nova Scotia [2].

Relative sensitivity of the test organisms to fluoride in long-
term (10–28-d) growth and survival tests in sediment was
similar to that in short-term (48–96-h) lethality tests in water.
In aqueous tests, H. azteca was the most sensitive species,
followed by H. limbata, C. tentans, and P. promelas. Survival
followed the same pattern in the spiked sediment tests, except
that fathead minnows and chironomid larvae were equally tol-
erant. Chironomid larvae were found to be more sensitive than
mayfly larvae for the growth endpoint.

Fluoride may have significant chronic effects on freshwater
organisms. At sublethal levels, fluoride toxicity to trout is
characterized by a reduced respiratory rate [21]. It has been
suggested that fluoride may inhibit enzyme activity in fish [22],
and oxygen consumption and acetylcholinesterase activity
were reduced in the freshwater field crab (Barytelphusa guer-
ini) after 15 d exposure to fluoride [23]. Fluoride may also
cause avoidance behavior in exposed animals. For example,
the migration of Pacific salmon (Oncorhynchus sp.) was in-
hibited by fluoride levels in the Columbia River downstream
of an aluminum plant [24]. Avoidance behavior of salmon was
demonstrated at concentrations as low as 0.5 mg F2/L. May-
flies (H. limbata) and fathead minnows were observed to avoid
the sediment surface during toxicity tests with contaminated
sediments from the Reynolds Metals study area; mayflies re-
fused to burrow and fatheads refused to forage in sediment
containing 891 to 1,680 mg F2/g dry weight [5,6]. As these
sediments were contaminated with many other substances,
avoidance behavior cannot be directly linked to fluoride.

Toxic thresholds (LC50 and IC25) for four species of test
organisms exposed to fluoride-spiked sediment are shown in
Figure 1, where they are compared with maximum concentra-
tions occurring in the environment. The highest concentration
detected in sediment from the Reynolds Metals study area was
1,680 mg F2/g dry weight in a sample collected 50 m from
the main plant outfall in 1993 [5]. The highest concentration
observed to date in Canada is 3,460 mg F2/g dry weight in
sediment near an aluminum smelter on the Kitimat River in
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British Columbia [1]. Results of sediment toxicity tests suggest
that growth and survival of fathead minnows and survival of
chironomids would be unaffected by even the highest con-
centrations likely to be encountered in the Canadian environ-
ment. However, it is possible that growth and survival of H.
limbata and survival of H. azteca could be affected by the
highest concentration measured in sediment from the Reynolds
Metals study area, and it is likely that growth of H. azteca
and C. tentans would be affected. The average concentration
of fluoride in sediment within 50 m of the Reynolds Metals
plant outfall was 1,244 mg F2/g based on five samples collected
between 1990 and 1994 [5,6,20], and the average concentration
in sediment from within 150 m of the smelter in Kitimat Arm,
British Columbia, was 1,370 mg F2/g based on nine samples
collected in 1990 [1]. These concentrations exceed the thresh-
old for survival of H. azteca in the present study and the
threshold for growth of all test species except fathead min-
nows, suggesting that concentrations of sediment-associated
fluoride in localized areas in Canadian waterways may be po-
tentially toxic to freshwater organisms.

Potential impact of proposed sediment dredging operations

Fluoride is highly mobile in aquatic systems. Elutriate test-
ing was conducted in 1990 on sediment from a number of sites
near the Reynolds Metals plant to determine the potential for
fluoride and other contaminants to desorb from sediments into
the water column during dredging [20]. River water was an-
alyzed, mixed with sediment, filtered, and reanalyzed (volumes
of water and sediment not reported). The concentration of
fluoride increased 360-fold, from 0.100 mg/L in river water
to 36.0 mg/L in elutriate prepared from the most contaminated
sediment tested (323 mg F2/g dry wt).

Results of spiked sediment tests in the present study also
show that fluoride is highly mobile. Fluoride began leaching
from the sediment into the water within 24 h of the test so-
lutions being prepared with a minimum of disturbance and
before the test organisms were added (day 0; Table 4). Data
from the mayfly tests show that equilibrium was reached by
day 12 of these tests. Using data from both the fathead minnow
and the mayfly tests, concentrations of fluoride in sediment
and water were found to be highly correlated at and above
exposures of 700 mg F2/g dry weight in sediment ([F2] as ppm
in water 5 20.37 1 0.01 [F2] as ppm in sediment; r 5 0.99;
n 5 5).

The behavior of a contaminant in spiked sediment tests does
not necessarily represent the behavior of the same contaminant
under field conditions, where other pollutants are usually pre-
sent and environmental conditions may vary. Concentrations
of 17.9 and 23.3 mg F2/L were measured in elutriates prepared
from sediment samples collected from the Reynolds Metals
study area that contained 1,190 and 1,160 mg F2/g dry weight,
respectively [5,6]. These elutriates were prepared by combin-
ing clean water with sediment in a 4:1 (v/v) ratio (as in the
present study), mixing it vigorously for 1 h, then allowing the
mixture to settle for 48 h prior to analysis. Neither filtration
nor adjusting the pH between 3.0 and 11.0 affected the amount
of fluoride entering the elutriate. Using the relationship derived
from the spiked sediment tests (see the previous discussion),
concentrations approaching 11 mg F2/L would have been ex-
pected in these elutriates. Differences between predicted and
actual concentrations could be due to differences in test con-
ditions; for example, sediment in the elutriate tests was dis-
turbed vigorously over a short period of time, while sediment

in the spiking tests was disturbed over several weeks by the
test organisms. However, fluoride was also measured in over-
lying water at the end of 21-d fathead minnow and mayfly
toxicity tests on the sediment containing 1,160 mg
F2/g dry weight, and concentrations were again higher than
predicted (39.0–41.5 vs 11.2 mg F2/L) [6]. These results sug-
gest that fluoride may desorb from the sediment into the water
column more readily under certain field conditions, for ex-
ample, when significantly disturbed during dredging activities,
than in static tests in the laboratory. It follows that the toxic
thresholds reported in this study for various organisms may
be somewhat high and should be regarded with caution when
extrapolating to field situations.

It can be concluded from this study that sediment-associated
fluoride, at levels found in the vicinity of industrial point sourc-
es in the Canadian environment, has the potential to harm some
species of freshwater organisms.
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ABSTRACT
A study was concluded during 2011 2013 on the effect of various concentrations 50, 100, 200 and 400 mg NaF/kg soil on

different growth parameters in L. Different concentrations of sodium fluoride inhibited seedling germination
percentage, length of root, length of shoot, plant height, number of leaves, size of leaf, number of flowers per plant, fruit-set
percentage and seed-set percentage. The plants growth in soil supplemented with 400 mg NaF/kg soil shows maximum reduction in
their growth parameters as compared to control plants.
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hours in distilled water. Sodium fluoride (NaF) was added

@ 50, 100, 200 and 400 mg/kg soil (dry wt) in different

microplots. For control, NaF was not added in alternate

microplots between the ones supplemented with NaF. The

seeds were sown in these microplots in respective years.

The crop was raised to maturity by irrigation with distilled

water. Observations of different growth parameters were

recorded and statistically analysed.

Data of the table 1 clearly indicate that

L. plants grown in soil supplemented with various

levels of Sodium Fluoride (NaF) exhibited a marked

reduction in growth parameters i.e. seedling germination

percentage, length of root, length of shoot, plant height,

number of leaves, size of leaf, number of flower per plant,

fruit-set percentage and seed-set percentage as compared to

control plants. Also, the reduction in above growth

parameters increased with the increase in the level of NaF in

soil. In addition to this, the plants grown in soil

supplemented with 400 mg NaF/kg soil showed maximum

reduction in their growth parameters as compared to control

plants.

Several workers have reported adverse effects of

fluoride on plants (Yang and Miller, 1963; Posthumus,

1983; Rathore and Agarwal, 1989; Fornasiero, 2001, 2003;

Elloumi et al., 2005; Reddy and Kaur, 2008). Our findings

are in conformity with those of Wang et al., (1995) and

Nagoor, (1997). They have reported the inhibition of root,

RESULTSAND DISCUSSION

Raphanus

sativus

Fluoride a toxic substance is present in air, water

and soil. Industrial growth as well as human activities are

responsible for increasing environmental pollution. Several

workers have reported adverse effect of fluoride on root,

shoot and leaf elongation (Wang et al., 1995 and Nagoor,

1997). Even at lower ambient fluoride concentrations, a

number of physiological changes may be initiated in plant

without the appearance of visible injury symptoms. Some of

these changes may have important consequences such as

reduction in growth or yield. Thus, the effect of fluoride on

growth may be complex, varying from positive to negative

effects (Davison, 1982).

Moreover, Gupta et al., (1999) have reported the

high fluoride concentration in ground water at Agra district,

Hence a study was conducted on the effect of fluoride on the

growth parameters of L. atAgra.

A field experiment was conducted during 2011

2013 with L. seeds (collected from the

Division of genetics, I.A.R.I., New Delhi) at Botanical

garden, Agra College, Agra in microplots of 1.5m x 1.5m

containing loam soil (pH 7.8, ECF 1.5 ds/m, available N 150

kg/ha, P 15 kg/ha, K 225 kg/ha, organic carbon 0.15%,

soluble cations 15.01 me/1, soluble anions 15.01 me/1,

CaCO3 0.8%). Each microplots was separated by polythene

line upto 60 cm depth. Between two microplots a bund of

0.5 m was left. The treatments were replicated thrice. The

seeds were sterilized and then soaked for a period of 24

Raphanus sativus

Raphanus sativus

MATERIALSAND METHODS
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267-91.
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161

165

59

42

10

Hypersicum

perforatum

Oryza

sativa

shoot and leaf elongation by sodium fluoride treatments.

Present findings are also supported by Singh et al.

(1978a and b), Pant (1997), Reddy and Kaur (2008), Gupta

et al., (2009). Chang, (1966) has observed fluoride

prevented the dephosphorylation of phylin compound in the

plant tissue and retarted the rate of seedling root growth

during germination. Shaddad et al., (1989) have also

supported adverse effect of NaF supplied in various

concentrations on seed germination, seedling growth,

transpiration rate and growth criteria of L.,

and L. According to them, the

germination of the treated seeds significantly dropped as the

concentration of NaF increased. However, low doses of the

applied inhibitors stimulated the germination of maize

grains. The results are also supported by the view that

fluoride induce alternations in metabolism resulting in the

reduction in crop field (Weinsten, 1977). The reduction in

yield of plants grown in soil with higher concentration of

Sodium Fluoride can also be attributed to the fact that

fluoride causes pollen sterility (Schulzbach and Pack,

1972).

Chang C.W., 1966. Study of phytase and fluoride effects in

germinating corn seeds. Air Pollution Research

Center. : 129-142.

Zea mays

Helianthus annus Vicia faba

REFERENCES

44

S.

No.
Parameters

NaF (Mg/Kg) soil

Control 50 100 200 400

1 Seedling germination % 95.1 ± 2.48 92.0 ± 1.02 90.16 ± 1.68 88.54 ± 1.60 85.32 ± 0.82

2 Length of root after 45

days (cm)
21.52±2.35 18.06±1.60 15.36±1.85 11.42±1.24 9.12±1.63

3 Length of shoot after 45

days (cm)
27.18±2.25 25.02±1.70 19.26±1.72 15.47±2.32 10.26±1.09

4 Plant height after 45 days

of germination
48.70±3.14 45.16±2.30 39.58±1.15 34.60±1.18 28.02±1.35

5 Number of leaves 16.20±0.84 15.10±1.72 14.07±1.24 12.19±1.68 8.96±1.20

6 Size of the leaf (cm) 18.20 ± 1.62 21.54 ± 1.72 20.78 ± 1.85 19.35 ± 1.91 15.95 ± 1.99

7 Number of flower/plant 685 660 560 530 412

8 Fruit set % 85.1±1.94 78.3±1.78 65.5±2.18 60.2±1.84 40.8±1.44

9 Seed set % 92.2±1.52 84.26±1.77 73.6±1.68 64.37±1.14 51.50±2.12

Table 1 : Morphological Parameters in L. Plants Treated With Different Concentration of NaFRaphanus sativus

Mean value ± SD
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1. Introduction 
 

    The emissions of potentially toxic fluorides in the vicinity of certain emitters (chemical and metal working industries, 
brickyards, etc.) can lead to a considerable burden on the environment, the effects of which on livestock, such as cattle, 
and plants have been known and investigated for quite some time (DRURY et al., 1980). However, hardly any systematic 
in-situ experiments on loading on invertebrate soil fauna exist (BUSE, 1986; VOGEL et al., 1989; VOGEL & OTTOW, 
1991). Through their activity, soil fauna contribute considerably to the rapid mineralization of organic material (litter) in 
the soil. Over and above this, since they are links in complex food chains, fluoride accumulation in certain soil fauna such 
as earthworms or insect larvae could lead to the general spread of fluorides and to a possible endangering of the end units 
of food chains. Investigations on a longstanding (about 70 years) contaminated industrial location in southern Germany 
have shown that earthworms, depending on the type, were affected to varying degrees and could contain up to 700 µg F • 
g-1 in worms with intestinal content and up to 400 µg F • g-1 in worms without intestinal content (in dry matter) (VOGEL 
& OTTOW, 1991).  
    Basic knowledge on accumulation mechanisms and acute toxicity of various substances is indispensible for an 
estimation of the dangers of fluoride loading. In contrast to some heavy metals and certain environmental chemicals 
(HEIMBACH, 1984; NEUHAUSER et al., 1985, 1986; VAN GESTEL & VAN DIS, 1988) no data on the toxic effects of 
fluorides on Lumbricidae can be found.  
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2. Materials and Methods 
 

2.1. General 
 

    The experiments were conducted on the compost worm Eisenia fetida andrei BOUCHÉ, 1972, since it is well suited as 
a laboratory animal and additionally is recommended for toxicological tests in, among others, OECD guidelines and the 
Biologische Bundesanstalt [Federal Biological Center] (anonymous, 1982 and 1984). The three soluble fluorides, NaF, 
KF and FCH2COONa, were tested.   
    The worms were bred at approximately 25 oC in the dark in plastic containers in a substrate of 2.7 kg quartz sand, 300 g 
finely ground turf, 15 g CaCO3 (Merck) and 1,700 ml distilled water. Dried and finely ground cattle dung was used ad lib 
as feed. It was ensured that the cattle had received no medication. 
    The LC50 concentrations were calculated according to the Probit Analysis and adaptation according to the Maximum 
Likelihood Method (WEBER, 1986). Other mathematical evaluations were done with the help of the statistical program 
STATGRAPHICS. 

2.2 Contact Test 
 

    Skin contact toxicity was calculated according to OECD guidelines (anonymous, 1984; HEIMBACH, 1984). One ml 
of the dissolved test substance was put on a filter paper (Whatman grade 1; 9.5 cm x 6.1 cm) and introduced into 35 ml 
plastic tubes. Subsequently, all samples were dried at 60 oC for 24 hours and the filter paper was then moistened again 
with 1 ml distilled water. One worm (weight over 300 mg) was inserted per tube. The test worms were earlier kept on 
moist filter paper for 2 h. The tubes were closed and kept in the dark at 20 ± 1 oC for 48 h and subsequently examined, 
whereby surviving worms were counted. Twenty repetitions were carried out per test stage.  
 

2.3 Substrate Test 
 

    The acute toxicity in an artificial substrate was calculated according to OECD guidelines (anonymous, 1984; 
HEIMBACH, 1984). The substrate consisted of 830 g quartz sand, 100 g finely ground turf, 50 g acidic bentonite (Tonsil 
Standard, Süd-Chemie, Munich), 5 g finely ground cattle dung, 10 g CaCO3 and 350 ml distilled water. This thoroughly 
mixed base substrate was added to the test substance, which had been dissolved in 200 ml distilled water and mixed again. 
1,000 g of this test mixture were weighed into 21 polyethylene pots and 10 worms (weight over 400 g) were placed in 
each pot. The containers were then closed with a perforated lid and kept in the dark at 20 ± 1 oC. The surviving worms 
were counted after 7, 14, 21 and 28 days, weighed and 5 g cattle dung was mixed into each sample. At least five 
repetitions were carried out per test stage. 
 

2.4 Determination of Fluoride  
 

    For the determination of fluoride, the intestinal content of some of the worms was removed by dissection, the internals 
cleaned carefully with 0.25% CDTA solution (Titriplex IV, Merck) and distilled water. The worms were also cleaned 
externally with the same materials. Subsequently, the worms were dried at 60 oC for 72 h and finely ground to dust in an 
agate mortar. The samples were pyrolized and digested according to LEVAGGI et al. (1971) and the fluoride content 
measured with an F-sensitive electrode (WTW F 500) (BREIMER et al., 1989; VOGEL & OTTOW, 1991a). 
 

3. Results 
 

3.1 Comparison of Contact and Substrate Tests 
 

    Acute toxicity of fluorides in the contact test with Eisenia fetida is described in Table 1. The LC50 values distinctly 
show the following order: NaF > KF >> FCH2COONa. The LC50 values of NaF and KF show a significant difference  
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(t = 2.80*), those of FCH2COONa and NaF/KF even more significantly (t = 158.4*** for NaF; t = 137.6*** for KF). 
Apparently, Na as a cation increases the acute toxicity of fluoride, whereas the combination with acetate reduces  
F toxicity. The acute toxicities of the investigated fluorides in the substrate test were fundamentally different from that of 
the contact test. In the substrate test, FCH2COONa was the most poisonous substance, and the following order of acute 
toxicities was noted: FCH2COONa >> KF >> NaF (Table 1). The LC50 values of all three compounds differed from each 
other very significantly (t = 32.0*** for NaF/KF; t = 48.6*** for NaF/FCH2COONa; t = 22.1*** for KF/FCH2COONa). 
    A pre-test with CaF2 showed no toxic effects on E. fetida even at concentrations of 20,000 mg F • kg -1 in the substrate. 
 
Table 1.  LC50 values and 95% confidence levels of acute toxicity of NaF, KF and FCH2COONa in contact test and 
substrate test with E. fetida.  
 
Substance Contact test   Substrate test  
 mg F • l-1 µg F • cm-2 95% mg F • kg -1 95% 
NaF 626 10.8 557 – 676 4,278 4,103 – 4,452 
KF 693 12.0 633 – 754 1,861 1,772 – 1,951 
FCH2COONa 3,568 61.6 3,529 – 3,606 978   936 – 1,020  

 
 
 

 
Illustration 1. Influence of increasing fluoride content in the test substrate on the biomass (live 
weights and dry mass) of the test worms E. fetida. 
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3.2. Influence of fluorides on the biomass of E. fetida 
 

    In all the variants (incl. control) of the substrate test, a weight loss in the worms was noted in the first week, 
subsequently a varying gain in weight. 
    After 28 days of the test, only the worms from the variant with KF had a homogenous live weight. The final weights of 
the worms from the FCH2COONa variant were very significantly lower than the control (F = 26.99***; Illustration 1). In 
the test with NaF, the final weights of the worms from the lower concentrations were higher than the control; those from 
the higher concentrations, on the other hand, were lower than the control (Illustration 1). As with the live weights, in the 
dry mass of E. fetida from the KF variant, there was also no difference between the control and load to be noted 
(Illustration 1). This applied to worms with and without intestinal content. On the other hand, NaF and FCH2COONa 
caused a very significant reduction of the dry weights of the test specimens (Illustration 1). This applied to worms with 
intestinal content (F = 15.39*** for FCH2COONa; F = 13.14*** for NaF; Illustration 1) as well as for those without 
intestinal content (F = 16.79*** for FCH2COONa; F = 10.82*** for NaF). 
 
 

3.3 Fluoride Accumulation in E. fetida 
 

    The fluorine content of the control worms was always significantly lower than that of the worms under experiment 
(Illustration 2). The accumulation factors (F content in tissue/F concentration in substrate), however, remained low (Table 
2). Highly significant correlations exist between the fluoride content in the worms and the fluoride concentrations of the 
test substrate (Table 2). The values in the worms without intestinal content additionally show that an accumulation can 
take place in the tissue (Illustration 2, Table 2). 
 

 
Illustration 2.    Influence of increasing fluoride concentrations in the substrate on the fluoride content in the bodies 
(without intestinal content) of worms E. fetida. Per 15 worms, * = 2 worms. 
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Table 2. Correlation coefficients r and coefficient of determination B (in %) between the fluoride contents of E. fetida and the 
fluoride contents of the test substrate and the concentration factors.  
 
Substance with intestinal content without intestinal content without intest. content 

Concentration factor1 r B r B 
NaF 0.865*** 75 0.938*** 88 0.05 
KF 0.951*** 90 0.619*** 38 0.10 
FCH2COONa 0.935*** 87 0.700*** 49 0.35 

 
1 F in tissue/F in substrate. 
 
 

4. Discussion 
 

   In the present paper, the large differences in the LC50 values between contact test and substrate test are noteworthy. In 
the case of NaF, the LC50 values differ by a factor of 6.8. The poor conformity of the two methods has been repeatedly 
made known (HEIMBACH, 1984; CALLAHAN et al., 1985; NEUHAUSER et al., 1986; VAN GESTEL & VAN DIS, 
1988). While assessing the results one has to basically keep in mind that the contact test only shows topical toxicity and 
additionally, the toxicity is dependent on the solubility of the test substance. Furthermore, the exposure time of 48 h is 
relatively short. On the other hand, in the substrate test, beside the topical toxicity, the toxicity per os is also determined 
due to the longer exposure time. Flouroacetate, which is described as extremely toxic (DRURY et al., 1980), was effective 
only at unexpectedly high concentrations in the contact test. This could be due to the dissociation of the fluoride in 
FCH2COO – and Na+ ions. Since the integument is less permeable for larger molecules than for smaller ones (LEE, 1985), 
the FCH2COO – ions would be absorbed relatively slowly by the skin. As it is, the absorption of acetate through the skin 
with Lumbricidae seems to be low (RICHARDS & ARME, 1980). However, the acute toxicity of the effective citrate 
cycle inhibitor FCH2COONa (DRURY et al., 1980) shows clearly in the substrate test. 
    On the whole, the LC50 values lie considerably higher than the values obtained in comparable experiments with various 
organic environmental chemicals (HEIMBACH, 1984; NEUHAUSER et al., 1986). When compared to heavy metals, KF 
lies in the same order of magnitude as cadmium [as Cd(NO3)2], NaF is considerably more poisonous than lead [as 
Pb(NO3)2] (NEUHAUSER et al., 1985). 
    A weight reduction caused by noxious substances in Lumbricidae has been repeatedly described (among others, by 
LOFS-HOLMIN, 1980; MA, 1984; NEUHAUSER et al., 1984). In the present case, apart from the solubility, the effects 
seems to also be dependent on the type of fluoride compound, as can be seen in long-term experiments with sub-lethal 
fluoride concentrations and E. fetida (VOGEL & OTTOW, 1992). The weight gain found in NaF variants at low 
concentrations is presumably due to an increased absorption of water, as these effects did not manifest themselves with 
dry mass. Some fluorides, such as NaF and FCH2COONa, can also restrict the growth of Lumbricidae by accumulation in 
soils and organic substances and thus possibly have a negative effect on their populations. 
    The accumulation rate of pollutants is important for an ecotoxicity evaluation. The fluoride contents of the worms at the 
end of the substrate test show a distinct accumulation. “Accumulation” is interpreted here in the sense of the definition by 
HARTENSTEIN et al. (1980), according to which this is present if increased contents are found in the body after a given 
time or after a given enrichment in the environment. However, the concentration factors are small and appear to reduce in 
the substrate with increasing fluoride content. A similar reciprocal behavior in the case of   
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heavy metals (HARTENSTEIN et al., 1980) and the insecticide Dieldrin is also known (VENTER & REINECKE, 1987).  
At the maximum the fluoride concentration factors are comparable to those of lead in various types of Lumbricidae 
(IRELAND, 1983). 
    The present findings indicate that an acute danger to Lumbricidae due to fluorides can be expected only under extreme 
levels of pollution. Particularly in calcareous soil in which fluoride is quickly immobilized as CaF2 in the topsoil 
(BREIMER et al., 1989), acute danger would be minimal. Sub-acute fluoride effects with negative implications for 
growth and fertility with E. fetida are possible (VOGEL & OTTOW, 1992) and cannot be ruled out in the open 
countryside.  
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1. Introduction 
 

The immissions of potentially toxic fluorides can lead to a significant burden on the environment in the vicinity of 
certain emitters (e.g. brickyards, chemical industry or aluminum foundries). Whereas the negative effects on 
livestock (e.g. cattle) and plants have been known and investigated for quite some time (DRURY et al., 1980), 
there have been very few experiments on the burden and endangerment of invertebrate soil fauna (BUSE, 1986; 
VOGEL et. al., 1989; VOGEL & OTTOW, 1991). 
    Basic knowledge of the mechanism of accumulation and acute and sub-acute toxicities of the relevant 
substances is indispensible for an estimation of the danger due to fluoride contamination. Particularly the sub-acute 
effects of noxious agents are important, since the knowledge of these makes the assessment of long-term entry and 
effects of potential pollutants into the environment possible. 
    Whereas perceptions on the sub-acute effects of heavy metals and some environment chemicals on Lumbricidae 
exist (LOS-HOLMIN, 1980; MALECKI et al., 1982; MA, 1984; NEUHAUSER et al., 1984a), there is absolutely 
no corresponding knowledge on fluorides. The acute toxicities of some fluorides have been investigated in model 
experiments, and the results indicate that one must also expect sub-acute effects (VOGEL & OTTOW, 1992). 
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2. Materials and Methods 
 

2.1. General 
 

     The experiments were conducted on the compost worm Eisenia fetida andrei BOUCHÉ, 1972, since it is well 
suited as a laboratory animal and additionally is recommended for toxicological tests in, among others, OECD 
guidelines (anonymous, 1984). The soluble fluorides NaF, KF and FCH2COONa and the insoluble CaF2 were 
tested. The first three fluorides had a relatively high acute toxicity compared to CaF2 (VOGEL & OTTOW, 1992). 
    The worms were bred at approximately 25 oC in the dark in plastic tubes in a substrate of  2.7 kg quartz sand, 
300 g finely ground turf, 15 g CaCO3 (Merck) and 1,700 ml distilled water. Dried and finely ground cattle dung 
was used ad lib as feed. It was ensured that the cattle had received no medication. 
 

2.2 Sub-lethal Test 
 

 The sub-lethal toxic effects of the fluorides on E. fetida were determined based on MALECKI et al. (1982) and 
NEUHAUSER et al.,(1984a). Two-week old worms with a weight of less than 10 mg were used. The four 
fluorides were tested in five concentrations in three parallels with four worms each; five parallels with four worms 
each were used as control. The substrate per sample was 100 g dried, finely ground cattle dung, brought to the 
optimal moisture content of 75% for E. fetida with 260 ml distilled water (REINECKE & VENTER, 1985a). The 
soluble fluorides (Merck and Riedel de Haen) were already dissolved in this distilled water. The insoluble CaF2 
(Riedel de Haen) was directly worked homogenously into the cattle dung. This substrate was laid onto 100 g 
sieved soil (TG, < 2 mm) (50% MWK; pH 5.0; FHCl = 20 mg F • kg -1; under meadow brown earth). 
     The experiment samples were kept in the dark for 22 weeks in plastic containers (160 mm x 85 mm x 90 mm) 
with perforated lids at 20 ± 1 oC and inspected every 14 days, during which the weight, the development of the 
clitellum and the number of cocoons was noted. During the first evaluation, the dead worms were replaced by 
those of the same age from the same breeding sample. The cocoons collected were further bred in the dark on 
moist filter paper at 20 ± 1 oC and the freshly hatched young were collected and counted every 2-3 days. 
 

2.3. Determination of Fluoride 
 

For the determination of fluoride, at the end of the experiment the intestinal content of some of the worms was 
removed by dissection, the internals cleaned carefully with 0.25% CDTA solution (Titriplex IV, Merck) and 
distilled water. The worms were also cleaned externally with the same materials. Subsequently, the worms were 
dried at 60 oC for 72 h and finely ground to dust in an agate mortar. The samples were pyrolized and digested 
according to LEVAGGI et al. (1971) and the fluoride content measured with an F-sensitive electrode (WIW F 500) 
(BREIMER et al.,1989; VOGEL & OTTOW, 1991).  
 

2.4. Evaluation 
 

The statistical evaluation was done on a PC with the statistics program STATGRAPHICS. Single factorial variance 
analyses (F-test) and multiple mean value comparisons were carried out for normally distributed data; for 
abnormally distributed data the non-parametric tests were conducted according to Kruskal-Wallis (H-test) and 
Mann and Whitney (U-test) (WEBER, 1986). 

3. Results 
 

3.1 Growth 
 

There was an enormous weight gain in all variants of the worms in the first six weeks of the experiment. At higher 
concentrations of NaF, KF and FCH2COONa, 
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Illustration 1.   Final weights (live weights) of E. fetida after 22 weeks of the test period and average percent of worms with 
clitellum. Mean values and standard deviations and F-values of the corresponding variance analyses.  
 
the growth was, however, less than that of the control. The final weights of the worms that were subjected to 
higher concentrations were significantly below the final weights of the control worms, with the exception of the 
CaF2 variants (Table 1, Illustration 1). 

 
Table 1.   Influence of different fluorides on the growth, the clitellum development, number of cocoons and number of 
hatchlings of E. fetida as well as the fluoride accumulation at the end of the experiment. 
 

 
 

Substance 
NaF 

 
KF 

 
FCH2COONa 

 
CaF2 

Weight neg. a) 

1,800c) 
neg. 
1,000 

neg. 
240 

noneb) 

-- 
Clitellum neg 

1,800 
neg 
1,000 

none 
-- 

pos.d) 
1,000 

No. of 
cocoons 

neg 
1,800 

neg 
1,000 

none 
-- 

none 
-- 

Hatchlings neg 
600 

none 
-- 

none 
-- 

none 
-- 

Fluoride 
accumulation 

pos. 
600 

pos. 
250 

none 
-- 

pos. 
1,000 

 
(a) negative effect, (b) no effect, (c) fluoride concentration in mg F • kg -1 after which the effect is seen,  
(d) positive effect. 
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3.2. Sexual Maturity (Clitellum Development) 
 

 From the sixth week onwards, all variants showed E. fetida with sexual maturity with developed clitellum. After 
10 weeks, there was minimal variation in the number of “clitellant” worms within the individual variants. In the 
test with CaF2, most of the worms had developed a clitellum and were just significantly higher than the control in 
all concentration stages (Illustration 1, Tab. 1). NaF and KF in higher concentrations (over 1,800 or 1,000 mg F • 
kg -1) led to a significant delay in sexual maturity (Tab. 1, Illustration 1). In the experiments with FCH2COONa, 
there were no differences between loading and control (Illustration 1). In the NaF variants there was a significant 
correlation between increasing fluoride concentration in the substrate and the decrease in the number of sexually 
mature worms (r = 0.836*). 
 

3.3 Number of laid cocoons 
 
 The first cocoons were found starting the eighth week. The initially high cocoon numbers reduced with increasing 
experimental time. A maximum was found in the test with FCH2COONa (120 mg F • kg -1) (Illustration 2). The 
variations in the number of cocoons within a single variant were very large, with the consequence that no statistical 
differences between load and control could be ensured (Illustration 2). Yet the average number of cocoons of the 
different test variants differ significantly (Illustration 2). Additionally, there were partially highly significant 
differences between the loading stages during the individual inspection times. There were no differences between 
control and the CaF2 variants (Illustration 2, Tab. 1). Low doses of NaF (up to 1,200 mg F • kg -1), KF (up to 750 
mg F • kg -1) and the loading with FCH2COONa apparently increase the number of laid cocoons. Higher 
concentrations of NaF and KF, on the other hand, lower the cocoon number (Illustration 2, Tab. 1). 
 

 
 
Illustration 2.  Average number of cocoons per E. fetida with clitellum and hatching rate during the test period of 22 weeks in 
the four loading variants and the control. 
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3.4. Number of hatched E. fetida per cocoon 
 

 On average, two worms hatched out of the cocoons in the control. The hatching rate was not negatively 
influenced by KF, FCH2COON[a] and CaF2, and no statistical difference could be noted between control and load 
variants (Illustration 2, Tab. 1). The loading with NaF resulted in significantly less hatched worms with increasing 
fluoride content in the substrate (r = -0.555***). Remarkably, many worms hatched in the variant with 300 mg F • 
kg -1 FCH2COONa (Illustration 2). 
 

3.5 Fluoride accumulation in E. fetida 
 

 The fluoride content due to NaF, KF and CaF2 in the test worms without intestinal content was significantly 
higher when compared to the control (Illustration 3, Tab 1). The fluoride contents in the worms increase 
proportionally with the fluoride  
 
 

 
Illustration 3.  Average fluoride content in E. fetida (without intestinal content) at the end of the experiment. Mean values and 
standard deviations and H values of the Krusal-Wallis test. 
 
Table 2.  Correlation coefficients r and coefficient of determination B (in %) between weight and clitellum development and 
between fluoride contents in E. fetida and the substrates as well as the concentration factors. 
 

Substance 
 

Weight/Clit.1) 

r 
 
B 

F weight/F 
Sub.2) 

r
 

 
B 

Conc. 
Factor 3) 

NaF 0.976*** 95.3 0.927*** 85.9 0.05 
KF 0.999*** 99.8 0.766*** 58.7 0.05 
FCH2COONa 0.985*** 97.0 0.026 0.1 0.11 
CaF2 0.871 75.9 0.653 42.6 0.03 

         1) Correlation weight/clitellum development, 2) correlation fluoride in worm tissue/fluoride in substrate, 3) fluoride in 
worm 
        tissue/fluoride in substrate 
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concentrations in the test substrate (Tab. 2). Except for FCH2COONa, the correlations between the fluoride content 
in the tissue of E fetida and in the test substrate are significant (Tab. 2). The concentration factors (concentration in 
tissue/concentration in substrate) remain low (Tab. 2). FCH2COONa did not influence the fluoride content of E. 
fetida in the deployed concentrations (Illustration 3). 
 
 

4. Discussion 
 

    The negative effect of noxious substances on the growth of Lumbricidae has been described many times (VAN 
RHEE, 1977; LOFS-HOLMIN, 1980; MALECKI et al., 1982; HAQUE & EBING, 1983; MA, 1984; 
NEUHAUSER et al., 1984 a & b). Thus, sub-acute effects seem to be well quantifiable from the biomass. From the 
very start of the experiments, differences in growth arose between the control and the higher loading stages of NaF, 
FCH2COONa and KF, which were sustained over the entire period of the experiment. They clearly showed the 
growth-restricting effect of the three soluble fluorides, the effects of which were particularly evident in the final 
weights. In spite of the high doses, CaF2 had no influence on the biomass of E. fetida. These results indicate that 
sub-acute toxicity is dependent on the type and the solubility of the fluoride compounds, as has been already 
shown for heavy metals (MALECKI et al., 1982; NEUHAUSER et al., 1984a). 
    The time that the Lumbricidae take to reach sexual maturity, i.e. for development of a clitellum, is of ecological 
importance. A delayed clitellum development can lead to significant fluctuations in Lumbricidae populations and 
thus determine changes in the ecosystem (VAN RHEE, 1977; LOFS-HOLMIN, 1980; REINECKE & VENTER, 
1985c). Under the present conditions NaF and KF slow down the formation of a clitellum. Both substances also 
lead to reduction of biomass. This finding shows that a lower growth can cause delayed sexual maturity. A similar 
correlation was found in the insecticide Dieldrin (REINECKE & VENTER, 1985c). 
    Each of the tested fluorides influenced the fertility of E. fetida differently.  NaF and KF reduced the cocoon 
numbers significantly at higher doses. Why small doses of NaF, KF and FCH2COONa lead to an obvious 
enhancing influence on the cocoon number cannot be answered on the basis of the data available.  
    The hatching rate was significantly lowered only by NaF. A possible influence on the hatching rate due to 
exogenous factors such as temperature or type of feed (GRAFF, 1974; TSUKAMOTO & WATANABE, 1977) 
must be excluded in the present case. Even if the breeding on moist filter paper is not close to nature, it is still well 
suited for experiments in the laboratory (TSUKAMOTO & WATANABE, 1977; HARTENSTEIN et al., 1979). 
    The fluoride contents in the worms at the end of the experiment furnish clear evidence of accumulation in E. 
fetida tissue. “Accumulation” is interpreted here in the sense of the definition by HARTENSTEIN et al. (1980), 
and is present if increased levels are found in the body after a particular time or a particular concentration in the 
environment. The concentration factors, however, remained low and reduced with increasing fluoride content in 
the substrate. Thus, for the lowest concentrations (FCH2COONa), the highest, and on the other hand, for the 
highest substrate concentrations (CaF2) the lowest enrichment factors were found. A similar reciprocal relationship 
has also been described for heavy metals, (HARTENSTEIN et al., 1980), Dieldrin (VENTER & REINECKE, 
1987) and for fluorides from tests for acute toxicity (VOGEL & OTTOW, 1992). 
    The present findings indicate that a threat to Lumbricidae in fluoride-contaminated locations can be expected 
only with high loadings. Since the effect of fluorides is heavily dependent on the type of compound and its 
solubility, the  
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threat is minimal, particularly in calcareous soils in which the fluoride is quickly immobilized in the form of CaF2 
(BREIMER et al., 1989). However, CaF2 also caused histological changes in E. fetida (VOGEL & SEIFERT, 
1992). 
    Since, in the present case, the sexual maturity and fertility of E. fetida was restricted at high loading, with high 
or prolonged fluoride loading, changes in the population cannot be ruled out. Since in the natural environment, the 
mortality of hatchlings is relatively high, fertility-reducing pollutants can eventually lead to a break-down of 
populations. Such influences would show their effects on the nutrient cycle, since a lowered or missing activity of 
earthworms can negatively influence the mineralization process. The experiments carried out can, however, only 
provide initial indications of processes in natural biotopes. 
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Phyllis Fuchsman | Manager 
Cleveland, Ohio  
+ 1 440 332 9028 | pfuchsman@environcorp.com 

Phyllis Fuchsman has 20 years’ experience in environmental consulting, conducting ecotoxicological studies, 
biological surveys and ecological risk assessments. She is a Senior Manager in ENVIRON’s Ecology and Sediment 
Management practice, working on projects in the United States and abroad. Her primary expertise is in the ecology 
and toxicology of aquatic and terrestrial systems, including sediment toxicology, aquatic toxicology, and the effects of 
bioaccumulative chemicals on wildlife. With more than 90 publications and presentations, Phyllis is a recognized 
leader in the development of ecological risk assessment methods for contaminated sediments and has served as a 
peer reviewer for USEPA. She has developed and applied innovative approaches to assessing the environmental 
effects of PCBs, VOCs and other organic chemicals, mercury, and other metals. She also co-authored a guidance 
document for the US Department of Defense on monitored natural recovery at contaminated sediment sites. 

EDUCATION 

1990 BA, Environmental Studies, Swarthmore College 

1993 MM, The Juilliard School 

EXPERIENCE 

Ecological Risk Assessment 

 Prepared environmental assessments for pharmaceutical substances, for submittal to the U.S. Food and Drug
Administration and the European Medicines Agency. Projects have included new drugs and a new
combination of existing drugs.  Also preparing an environmental assessment of a veterinary medicinal
substance for submittal to the Food and Drug Administration.

 Evaluated ecological risks associated with an anti-microbial used in various personal care products. Prepared
manuscripts detailing triclosan’s fate during the wastewater treatment process, ecological risks associated with
its occurrence in land-applied biosolids, and aquatic ecological risks. The assessment used probabilistic
techniques to assess risk to soil-dwelling and aquatic organisms and terrestrial and aquatic-feeding wildlife.
Fugacity modeling was used to supplement measured exposure concentrations in biota tissue and abiotic
media, and a chronic species sensitivity distribution was constructed as part of the aquatic effects assessment.

 On behalf of the Sediment Management Work Group, currently preparing a set of manuscripts detailing a
critical review of mercury toxicity reference values for protection of benthic invertebrates, fish, and wildlife. The
review is informed by a comprehensive literature review of mercury effects on these organisms.

 Managing a mammalian toxicology study with Michigan State University, investigating effects of Aroclor
1268 on mink health and reproductive success. Study is designed to inform evaluation of Aroclor 1268
concentrations in dolphin blubber near a Superfund site. Aroclor 1268 is an unusual PCB mixture with a
higher chlorine content and lower concentrations of the most toxic PCB congeners, compared to typical PCB
mixtures.

 Led ecological risk analyses for the Deloro Mine Site, a former mining and smelting site in Ontario. Key
contaminants include arsenic, cobalt, copper, and nickel. Designed sampling and analysis program for stream
and floodplain areas, including a sediment triad study—toxicity testing, invertebrate community
characterization, and chemical analyses—and biota tissue analyses, as well as abiotic sampling. Metal
bioavailability to benthic invertebrates was assessed through analyses of amphipods exposed to site sediments
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as part of toxicity tests, following Environment Canada methods. Managed ecological risk analyses and 
developed risk-based remediation goals for sediments. Soil remediation for ecological protection was not 
warranted, because any ecological benefits would be outweighed by habitat destruction. 

 Developed risk-based sediment remediation goals for DDT, arsenic, and lead, for a site on the Delaware
River. The proposed remediation goals were based on an in-depth literature review and were designed to
protect benthic invertebrates, fish, birds, and humans consuming fish from the river. By focusing on cause-
effect, concentration-response relationships in the risk evaluation for benthic invertebrates, remediation goals
were identified that are considerably higher than frequently used sediment screening values. The resulting
remediation goals were accepted by EPA, without the need for costly site-specific toxicity testing or
bioaccumulation analyses.

 Assessed ecological risks due to mercury and DDT in a southern European alpine freshwater system,
composed of a high energy river and two alpine lakes. A sediment triad approach—integrating site-specific
invertebrate community, sediment toxicity, and chemistry data—was used to evaluate risks to benthic
invertebrates and was supplemented by invertebrate tissue analyses and an in-depth literature review.  Fish
health was examined through measurements of fish condition and sex ratio, as well as evaluation of chemical
concentrations in fish tissue.  The risk assessment for birds and mammals (specifically grebes and bats) used a
food web model and also drew upon a site-specific eggshell thinning study.  Despite chemical concentrations
that exceeded sediment quality guidelines, site-specific risks were found to be minimal.  Additional support for
these findings was gained through a peer review by risk assessment experts at the U.S. Army Corps of
Engineers.

 Evaluated aquatic ecological risks due to mercury in sediments downstream of a former chlor-alkali plant along
the St. Clair River, Ontario. Incorporated site-specific benthic invertebrate survey and toxicity data and
identified risks to fish and fish consumers associated with measured and estimated tissue residues. Analyses
included an assessment of mercury effects on fish sex ratios.

 Assessed aquatic ecological risks due to PCBs in sediments of Wheatley Harbour, Ontario, adjacent to a fish
processing facility, on behalf of the Essex Region Conservation Authority. Estimated risks to mink using
techniques from a meta-analysis of extensive published data relating PCB exposures to mink reproductive
success. Sediment management actions were not needed, based on risk assessment results.

 Analyzed aquatic ecological risks due to PCBs and mercury in sediments adjacent to a former chlor-alkali
plant on the shore of Lake Superior (Peninsula Harbour, Ontario), on behalf of Environment Canada.
Incorporated site-specific benthic invertebrate survey and toxicity data and identified risks to fish and fish
consumers associated with measured and estimated tissue residues.

 Conducted an ERA for a former ceramic manufacturing site in Ontario. Barium and zinc were present at high
concentrations in soil due to their use in glazes. Risk estimates were refined based on site-specific
bioaccumulation data and analyses of exchangeable (bioavailable) metals in soil. Risk assessment was
prepared in accordance with Ontario regulations to obtain a Record of Site Condition.

 Provided technical support for a utility consortium advocating development of PCB criteria based on fish tissue
rather than water concentrations, for protection of fish-eating wildlife. Reviewed the basis of existing fish tissue
criteria for PCBs and developed alternatives based on in-depth literature review of PCB effects on birds and
mink.

 Prepared an ERA for Dicks Creek in Middletown, Ohio, adjacent to a steel manufacturing facility. Chemicals
of interest included PCBs, PAHs, and metals. Data collection included analyses of chemical concentrations in
whole-body fish, macroinvertebrates, and aquatic plants. Sediment analyses were also selected using risk-
based data use objectives. Integrated survey data measuring fish and invertebrate community quality.

882



Phyllis Fuchsman 

environcorp.com 3 

Developed alternative sediment quality benchmarks for PCBs, based on cause-effect, concentration-response 
data from the scientific literature. Using an extensive data set of published PCB toxicity data for mink, 
compared the utility of various exposure metrics in explaining the observed dose-response data.  

 Critically evaluated, on behalf of a consortium of trade associations, ecological components of the 
multimedia, multireceptor, multipathway risk assessment (3MRA) model developed by USEPA under the 
Hazardous Waste Identification Rule (HWIR). Prepared comments for submission to USEPA.  

 Managed the design and completion of screening and baseline ecological risk assessments and associated 
work plans for the Hertel Landfill Superfund Site (New York). Directed sampling, analyses, and toxicity testing 
in support of the baseline assessment. Potential impacts of discharging groundwater on adjacent wetlands and 
streams were of concern, due to the presence of waste below the water table. Chemicals of interest included 
metals, PAHs, pesticides, and cyanide. Successfully limited the extent of additional sampling by applying in-
depth knowledge of the ecotoxicology literature in the screening assessment. The baseline assessment 
demonstrated that ecological risks are limited to iron toxicity in small seep areas immediately adjacent to the 
landfill. These results were used to change the Record of Decision for the site, eliminating the need for an 
extensive pump-and-treat system. 

 Managed the revision of a major ecological risk assessment of Calcasieu estuary waterways adjacent to a 
chemical production facility in Louisiana, in response to Agency comments. Identified appropriate technical 
revisions and clarifications to a detailed, multi-chemical, multi-area risk assessment. Major components of the 
assessment included interpretation of a site-specific sediment toxicity evaluation program, assessment of 
chemical tissue burdens in fish and invertebrates, food web modeling for assessment of risks to predatory fish 
and wildlife, identification of regional background concentrations, and interpretation of estimated risks in the 
context of physical habitat limitations. Used probabilistic techniques to develop site-specific biota-sediment 
accumulation factors. 

 Conducted an ecological risk assessment for a lake in the former floodplain of the Columbia River. Completed 
a screening assessment of available sediment data and developed a work plan for further sampling to support 
a site-specific risk characterization. Tissue sampling and wildlife modeling were then implemented to address 
potential bioaccumulation of PCBs, pesticides, and selenium. Toxicity testing was conducted to address 
potential effects on benthic invertebrates. Ecological risks were assessed in accordance with Oregon DEQ 
rules, which specify the calculation of population-level risk estimates. Although marginal sediment toxicity 
(attributed to DDT and petroleum hydrocarbons) was noted, the magnitude and spatial extent of effects did not 
qualify as a significant population-level effect under the Oregon rules.  

 Conducted an ecological risk assessment for PCBs and metals in river sediment adjacent to a New Jersey 
manufacturing facility, as well as in on-site soil and ditches. Applied detailed, homologue-based models to 
demonstrate a lack of PCB-related risk to aquatic-feeding mink and sediment-dwelling invertebrates in the river. 
Developed clean-up goals to address risks related to PCB-contaminated soils and metal-contaminated ditch 
sediments. Also provided an assessment of relative risks associated with various remedial options, to focus 
remediation planning on options providing the greatest net environmental benefit. 

 Completed a baseline ecological risk assessment addressing terrestrial and aquatic areas potentially affected 
by the Cam-Or Superfund Site (Westville, Indiana). Reviewed EPA’s screening-level risk assessment and 
identified refinements needed to finalize selection of chemicals of interest for further evaluation. Supplemental 
sampling addressed issues of site-specific bioavailability, toxicity, and bioaccumulation. No site-related 
aquatic risks were identified, and terrestrial risks were found to be limited to certain metals potentially ingested 
by invertebrate-eating wildlife on-site. 
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Sediment Toxicity Evaluation 

 Developed a conceptual site model to support sediment management decision-making for the St. Marys River
Area of Concern, located in Ontario and Michigan. Based on existing data, identified and described primary
sources and source control status, migration pathways, key risk drivers, sediment stability, and evidence of
natural recovery. Key contaminants of concern include petroleum hydrocarbons and wood-derived wastes,
and toxicity to benthic invertebrates appears to be the key risk driver. Identified key issues, knowledge gaps,
and recommendations, toward the goal of defining the areas and toxicants requiring sediment management.
Also conducted an in-depth literature review of the chemical and physical effects of petroleum hydrocarbons
on benthic invertebrates. Provided strategic advice to maximize the utility of information gathered in
Environment Canada’s sediment sampling efforts, particularly with regard to identifying causes of sediment
toxicity.

 Identified and corrected a mathematical error in the USEPA’s equilibrium partitioning (EqP) method for
assessing organic chemicals in sediment. Although the standard EqP method is accurate for hydrophobic
organic chemicals, for less-hydrophobic chemicals (such as volatile organic compounds [VOCs], phenolic
compounds) it produces erroneous results that are lower than screening values developed by assuming 100%
bioavailablity. The corrected method, now published in the peer-reviewed literature and incorporated in
USEPA and state guidance, has been approved for use in several risk assessments under the Superfund
program and in other settings.

 Served as an invited peer reviewer for the USEPA’s Procedures for the Derivation of Equilibrium Partitioning
Benchmarks (ESBs) for the Protection of Benthic Organisms: Compendium of Tier 2 Values for Nonionic
Organics.

 Managed a site-specific sediment toxicity evaluation program applicable to the waterways of the Calcasieu
Estuary adjacent to a chemical production facility in Louisiana. Prepared reports detailing the derivation of
sediment quality benchmarks for mercury, hexachlorobenzene, other chlorinated benzenes, and
hexachlorobutadiene. Approaches included spiked sediment toxicity testing, sediment dilution toxicity testing,
interpretation of site-specific no-effect concentrations, and the probabilistic application of equilibrium
partitioning theory to published aquatic toxicity data. Demonstrated ability to predict sediment toxicity using
site-specific benchmarks in a chemical mixture model.

 Applied cause-effect evidence to assess likely contributors to observed sediment toxicity for a southern
California shipyard. Exposure data included concentrations of mercury, tributyltin, PCBs, metals, and PAHs in
whole sediment, porewater, and biota tissue. None of the chemicals examined clearly explained the observed
toxicity test results, and unmeasured compounds such as pyrethroid insecticides may have played a role.

 Currently managing a sediment evaluation for Duck and Otter Creeks in Ohio, under a cooperative agreement
between a local industry group and USEPA’s Great Lakes National Program Office.  The creeks are located
on the Lake Erie shoreline near Toledo, Ohio, downstream from  multiple oil refineries.  Prior risk assessments
indicated widespread sediment toxicity to invertebrates and suggested risks to fish, wildlife, and humans.
Designed a data gap investigation to verify the previously observed sediment toxicity and identify its
cause.  Toxicity was found to be limited to a discrete area and was closely related to porewater PAH
concentrations.  ENVIRON completed a feasibility study for the affected area and is currently engaged in pre-
design work, with the potential to secure USEPA matching funds for sediment removal.

 Analyzed results of a sediment triad investigation, including sediment chemistry, toxicity tests, bioaccumulation
tests, and benthic invertebrate surveys, for a site on the Hackensack River, New Jersey. All detected chemicals
were evaluated using cause-effect evidence (EqP benchmarks, spiked sediment studies, and field studies from
sites where the chemical was the predominant contaminant). Toxicity to amphipods exhibited a dose-response
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relationship with PAH concentrations, consistent with predicted PAH-related risks. Despite elevated 
concentrations of total chromium, chromium did not contribute to the observed biological effects, based on 
sediment geochemistry, porewater analyses, and a lack of effects on the most chromium-sensitive test species. 
Developed a critique of the Effects-Range Median screening value for chromium and identified an alternative 
remediation goal. 

 Developed an innovative application of the EqP approach to assess PCBs in sediment of Dicks Creek in Ohio.
The approach was based on cause-effect data, which provides more realistic information than published
“consensus” guidelines. Applied this method, together with USEPA’s sediment guidelines for PAHs and metals,
as part of a comprehensive assessment of risks to benthic invertebrates in a small Ohio stream. Other lines of
evidence included invertebrate community surveys, chemical concentrations in invertebrate tissue, and in situ
toxicity data collected by other researchers. Taken together, these lines of evidence indicated that physical
habitat limitations due to historical channelization are the most important factors affecting the benthic
invertebrate community, with chemical toxicity playing a role only on a very limited spatial scale.

Aquatic Toxicity Evaluation 

• Reviewed technical issues, on behalf of a national trade association, associated with the translation of
USEPA’s mercury fish tissue criterion to a water quality value for purposes of National Pollutant Discharge
Elimination System (NPDES) compliance and total maximum daily load (TMDL) development. Reviewed draft
USEPA guidance and supporting documentation, identifying relevant errors and oversimplifications. Evaluated
the utility of existing mercury bioaccumulation models and default translators and identified sampling
requirements for establishing site-specific mercury translators.

• Successfully petitioned Michigan Deparment of Environmental Qualtiy (MDEQ) to increase state water quality
standards for barium, manganese, and 2,4-dimethylphenol. Determined the basis for existing criteria,
identified additional, published toxicity data, and developed proposed criteria revisions for submission to the
MDEQ. Also identified flaws in the criteria for acetic acid; as a result, the criteria were revised following
additional toxicity testing by MDEQ.

• Designed and implemented an assessment of fish and invertebrate community quality in the Menominee River
adjacent to an area of contaminated groundwater. Benthic invertebrates were collected using direct sampling
and artificial substrate samplers. Fish were surveyed using electrofishing. Habitat characteristics and chemical
concentrations in sediment and porewater were evaluated. Used sophisticated statistical analyses, including
curve-fitting techniques, to demonstrate that variations in biological community characteristics were due to
physical habitat conditions, not chemical concentrations. In addition to limiting natural resource damages
liability, the lack of impact on the river served as the basis for proposed site-specific groundwater quality
criteria.

• Developed detailed toxicity profiles for cyanide and ammonia as part of a predictive risk assessment for
hypothetical fire retardant spill scenarios. Developed species sensitivity distributions and identified the relative
sensitivity of various categories of freshwater species. Identified relationships between exposure duration and
acute toxicity, to increase the accuracy of risk predictions for pulse exposures in streams.

Remediation and Restoration 

• Coordinated a multi-disciplinary team of experts from industry, the U.S. Navy, the U.S. Army Corps of
Engineers, and the U.S. Environmental Protection Agency in preparing a technical guide to facilitate the
understanding and application of monitored natural recovery (MNR) at contaminated sediment sites. MNR
involves leaving contaminated sediments in place while monitoring the performance of the natural physical,
chemical, and biological processes that physically isolate, transform, and/or reduce the bioavailability and
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mobility of the contaminants. The technical guide was prepared under a grant from the U.S. Department of 
Defense’s Environmental Security Technology Certification Program. 

• Managed an evaluation of key issues affecting the Saginaw Bay (Michigan) watershed, to help promote
scientifically sound prioritization of conservation and restoration projects, identify opportunities to integrate
work to improve sediment and surface water quality, and identify watershed processes that could affect the
success of conservation and restoration efforts. Key issues included habitat loss, invasive species, dams,
altered hydrology, sediment and nutrient loading, and bacterial and chemical contamination.

• Designed the phytoremediation component of a groundwater remedy targeting chlorinated solvents at the
Crab Orchard Superfund Site, Marion, Illinois. Design considerations included existing vegetation, existing
physical structures, depth to groundwater, and tree species characteristics. A mix of four tree species will be
established to decrease solvent migration to an adjacent lake, by increasing groundwater transpiration and
promoting rhizosphere degradation, phytoextraction, phytodegradation, and phytovolatilization.

• Participated in design of riparian tree plantings adjacent to a creek in southwestern Ohio. Objectives are to
decrease the quantity of groundwater seepage into the creek and to reduce pH levels in any residual
groundwater seepage from their current highly alkaline levels, thus creating conditions that are not conducive
to the transport of PCBs via groundwater. Additional benefits include improving riparian habitat conditions,
improving aquatic habitat conditions in the adjacent stream (e.g., by providing shade and woody debris
input), and stabilizing floodplain soils along the bank.

CREDENTIALS 

Certifications 

Certified Senior Ecologist – Ecological Society of America 

Professional Affiliations and Activities 

Society of Environmental Toxicology and Chemistry 

Peer reviewer for Environmental Toxicology and Chemistry, Integrated Environmental Assessment and Management, 
Archives of Environmental Contamination and Toxicology, and Science of the Total Environment 

PUBLICATIONS 

Fuchsman P., K.S. Bell, K. Merritt, V. Magar. 2014. Monitored natural recovery. In: D. Reible (ed). Processes, 
Assessment and Remediation of Contaminated Sediment. Springer, New York, NY. pp. 227-262. 

Fuchsman P, Lyndall J, Bock M, Lauren D, Barber T, Leigh K, Perruchon E, Capdevielle M. 2010. Terrestrial ecological 
risk evaluation for triclosan in land-applied biosolids. Integr. Environ. Assess. Manage. 6:405-418. 

Lyndall J, Fuchsman P, Bock M, Barber T, Lauren D, Leigh K, Perruchon E, Capdevielle M. 2010. Probabilistic risk 
evaluation for triclosan in surface water, sediments, and aquatic biota tissues. Integr. Environ. Assess. Manage. 
6:419-440. 

Bock M, Lyndall J, Barber T, Fuchsman P, Perruchon E, Capdevielle M. 2010. Probabilistic application of a fugacity 
model to predict triclosan fate during wastewater treatment. Integr. Environ. Assess. Manage. 6:393-404. 

Magar VS, Chadwick DB, Bridges TS, Fuchsman PC, Conder JM, Dekker TJ, Steevens JA, Gustavson KE, Mills MA. 
2009. Technical Guide: Monitored Natural Recovery at Contaminated Sediment Sites. ESTCP-ER-0622. 
Environmental Security Technology Certification Program (ESTCP), Arlington, VA, USA. 276 p. 
http://www.epa.gov/superfund/health/conmedia/sediment/documents.htm.  
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Fuchsman, P.C., T.R. Barber, and M.J. Bock. 2008. Effectiveness of various exposure metrics in defining dose-
response relationships for mink (Mustela vison) exposed to polychlorinated biphenyls. Arch. Environ. Contam. 
Toxicol. 54:130-144. 

Magar, V.S., L. Martello, B. Southworth, P. Fuchsman, M. Sorensen, and R.J. Wenning. 2008. Geochemical stability 
of chromium in sediments from the lower Hackensack River, New Jersey. Sci. Total Environ. 394:103-111. 

Martello, L., M. Sorensen, P. Fuchsman, V. Magar, and R.J. Wenning. 2007. Chromium geochemistry and 
bioaccumulation in sediments from the lower Hackensack River, New Jersey, U.S.A. Arch. Environ. Contam. 
Toxicol. 53:337-350. 

Sorensen, M.T., J.M. Conder, P.C. Fuchsman, L.B. Martello, and R.J. Wenning. 2007. Using a sediment quality triad 
approach to evaluate benthic toxicity in the lower Hackensack River, New Jersey. Arch. Environ. Contam. Toxicol. 
53:36-49. 

Henning, M., P. Fuchsman, M. Nielsen, and B. Kennington. 2007. Evaluating post-remedy and remedy-
implementation risks at a PCB-contaminated site: Practical experiences. Proceedings, Battelle Conference on 
Remediation of Contaminated Sediments, Savannah, GA. 

Fuchsman, P.C., T.R. Barber, and J.C. Lawton. 2006. An evaluation of cause-effect relationships between PCB 
concentrations and sediment toxicity. Environ. Toxicol. Chem. 25:2601-2612. 

Crouch, R.L., H.J. Timmenga, T.R. Barber, and P.C. Fuchsman. 2006. Post-fire surface water quality: Comparison of 
fire retardant versus wildfire-related effects. Chemosphere 62:874-889. 

Fuchsman, P.C. and T.R. Barber. 2005. Letter to editor: Comment on “An Ecological Risk Assessment for 
Hexachlorobutadiene” by Taylor et al. Human Ecol. Risk Assess. 11:1-2. 

Fuchsman, P., M. Bock, L. Yeager, and T. Barber. 2005. How not to measure total organic carbon in soil and 
sediment. SETAC Globe 6(3):33-34. 

Fuchsman, P.C. 2003. Modification of the equilibrium partitioning approach for volatile organic compounds in 
sediment. Environ. Toxicol. Chem. 22:1532-1534. 

Barber, T.R., C.C. Lutes, M.R.J. Doorn, P.C. Fuchsman, H.J. Timmenga, and R.L. Crouch. 2003. Aquatic ecological 
risks due to cyanide releases from biomass burning. Chemosphere 50:343-348. 

Fuchsman, P.C., K.B. Leigh, and T.R. Barber. 2001. Ecological assessment of PAHs in fish. In: EPRI. Sediments 
Guidance Compendium. 1005216. Electric Power Research Institute, Palo Alto, CA. 

Fuchsman, P.C. and T.R. Barber. 2000. Spiked sediment toxicity testing of hydrophobic organic chemicals:  
Bioavailability, technical considerations, and applications. J. Soil Sediment Contam. 9:197-218. 

Fuchsman, P.C., J.C. Sferra, and T.R. Barber. 2000. Three lines of evidence in a sediment toxicity evaluation for 
hexachlorobutadiene. Environ. Toxicol. Chem. 19:2328-2337. 

Fuchsman, P.C., D.J. Duda, and T.R. Barber. 1999. A model to predict threshold concentrations for toxic effects of 
chlorinated benzenes in sediment. Environ. Toxicol. Chem. 18:2100-2109. 

Sferra, J.C., P.C. Fuchsman, R.J. Wenning, and T.R. Barber. 1999. A site-specific evaluation of mercury toxicity in 
sediment. Arch. Environ. Contam. Toxicol. 37:488-495. 

Fuchsman, P.C., T.R. Barber, and P.J. Sheehan. 1998. Sediment toxicity evaluation for hexachlorobenzene: Spiked 
sediment tests with Leptocheirus plumulosus, Hyalella azteca, and Chironomus tentans. Arch. Environ. Contam. 
Toxicol. 35:573-579. 
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Barber, T.R., D.J. Chappie, D.J. Duda, P.C. Fuchsman, and B.L. Finley. 1998. Using a spiked sediment bioassay to 
establish a no-effect concentration for dioxin exposure to the amphipod Ampelisca abdita. Environ. Toxicol. Chem. 
17:420-424. 

Barber, T.R., P.C. Fuchsman, D.C. Chappie, J.C. Sferra, P.J. Sheehan, and F.C. Newton. 1997. Toxicity of 
hexachlorobenzene to Hyalella azteca and Chironomus tentans in spiked sediment bioassays. Environ. Toxicol. 
Chem. 16:1716-1720. 

SELECTED PRESENTATIONS 

Fuchsman P, M Sorensen, L Brown, M Bock, A Daniel, C Beals, V Magar, M Henning. 2013. Critical Review of 
Mercury Toxicity Reference Values for Protection of Fish. 11th International Conference on Mercury as a Global 
Contaminant, Edinburgh, Scotland. 

Henning M, P Fuchsman, E Perruchon, C Dunn, V Magar. 2013. Critical Review of Mercury Toxicity Reference 
Values: Avian and Mammalian Wildlife. 11th International Conference on Mercury as a Global Contaminant, 
Edinburgh, Scotland. 

Fuchsman P, J Conder, M Grover, V Magar, M Henning. 2013. Critical Review of Mercury Sediment Quality Values 
for Benthic Invertebrates. 11th International Conference on Mercury as a Global Contaminant, Edinburgh, 
Scotland. 

Brown, L., P. Fuchsman, M. Henning. 2012. Metal Effects on Benthic Invertebrates in Off-Site Ponds near the Deloro 
Mine Site (Ontario, Canada). Society of Environmental Toxicology and Chemistry North America 33rd Annual 
Meeting, Long Beach, California, November 11-15. 

Leigh, K., M. Henning, A. Fogg, P. Fuchsman, N. Dyck. 2011. To Depurate or Not to Depurate? Using Earthworm 
Tissue to Estimate Doses in Ecological Risk Assessment. 32nd Annual Meeting of the Society of Environmental 
Toxicology and Chemistry, Boston, Massachusetts. 

Barrett, C.H., K.M. Taillon, K. Kim, D.J. Milani, M.J. Chambers, M. McChristie, M.H. Henning, P.C. Fuchsman, and 
P.M.C. Antunes. 2011. Use of multiple lines of evidence to support sediment remediation and management 
decisions for the St. Marys River Area of Concern. 54th Annual Meeting of the International Association for Great 
Lakes Research, Duluth, Minnesota, May 30 – June 3. 

Fuchsman, P., E. Perruchon, E. Bizzotto, J. Dillard, M. Henning. 2010. An evaluation of cause-effect relationships 
between DDT (and metabolites) and sediment toxicity to benthic invertebrates. 31st Annual Meeting of the Society 
of Environmental Toxicology and Chemistry, Portland, Oregon. 

Conder, J., G. Klepper, L. Martello, P. Fuchsman, M. McCulloch, and R. Wenning. 2007. Use Impairment Decision-
Making Approach for Assessment of Sediments. 28th Annual Meeting of the Society of Environmental Toxicology 
and Chemistry, Milwaukee, Wisconsin. 

Barber, T.R., P.C. Fuchsman, K.B. Leigh, M.J. Ferguson, and M.J. Bock. 2006. Inter-laboratory comparisons of PCB 
analyses in sediment: Implications for site characterization and risk assessment. 27th Annual Meeting of the 
Society of Environmental Toxicology and Chemistry, Montreal, Quebec. 

Fuchsman, P.C., T.R. Barber, and R.L. Wiesner. 2001. Biological community quality in a groundwater discharge 
zone:  Relationship to habitat and chemistry. 22nd Annual Meeting of the Society of Environmental Toxicology 
and Chemistry, Baltimore, MD. 

888



environcorp.com 

Katrina Leigh | Manager 
Cleveland, Ohio  
+ 1 440 332 9026 | kleigh@environcorp.com 

Katrina Leigh is a Manager and Certified Wildlife Biologist® in the Ecology and Sediment Management practice at 
ENVIRON. She has over 12 years of experience, specializing in ecological risk assessment, wildlife ecotoxicology, 
environmental review under NEPA, sediment and water quality assessment, aquatic and terrestrial toxicology, 
biological community quality evaluation, toxicity testing, bioaccumulation of environmental contaminants, wildlife and 
habitat surveys, and ecotoxicology. In addition to her experience in environmental consulting, Katrina has 
accumulated more than 17 years experience in the fields of wildlife biology, zoology, ecology, and toxicology. Prior 
to joining ENVIRON, she was a member of a toxicology research team for six years, focusing on the metabolism of 
perfluorinated compounds for the US Air Force. She has authored numerous peer-reviewed manuscripts, book 
chapters, and guidance documents. She has presented investigation findings at national and international scientific 
meetings, as well as chaired scientific sessions on wildlife ecotoxicology and contaminated sediment.  

EDUCATION 

1993 MS, Physiological Ecology/Zoology, Miami University, Oxford, OH 

1990  BS, Zoology, Miami University, Oxford, OH 

EXPERIENCE 

Ecological Risk Assessment 

• Completed an environmental risk assessment for the off-site area near a 202-hectare former mining site in
Deloro, Ontario, Canada. Chemical characterization, toxicity testing, and benthic community analysis
supported a weight-of-evidence evaluation of potential risks to human health and the environment from site-
related chemicals in surface water, sediment, and floodplain soil. Results will support environmental decision-
making and potential remediation in the affected off-site area.

• Assisted in developing a web-based information management system to compile, evaluate, and facilitate
access to publicly available data, reports, articles, and geospatial information related to baseline ecological
and human use services provided within a large U.S. water body. Managed two separate teams of staff from
multiple offices.

• Participated in the completion of multiple Baseline Ecological Evaluations (BEEs) for various sites in New
Jersey. Conducted site-specific threatened and endangered species evaluations. Evaluated potential risk of site-
related chemicals to ecological receptors, including direct and cumulative (food chain) effects.

• Completed a site-specific bioavailability assessment for silver in sediment within several Areas of Concern
(AOCs) in Little Ferry, New Jersey identified under the Industrial Site Recovery Act (ISRA) and Environmental
Cleanup and Recovery Act (ECRA). Potential bioavailability of silver in sediment evaluated for (1) benthic
invertebrates, using acid volatile sulfide (AVS) and simultaneously extracted metals (SEM); and (2) aquatic-
feeding wildlife, using a bioaccumulation food web model. Based on the results of this evaluation, successfully
petitioned New Jersey Department of Environmental Protection (NJDEP) to discontinue planned sediment
remediation within the AOCs.

• Conducted ecological sampling (sediment and fish tissue) and subsequent bioaccumulation modeling to inform
a focused ecological risk assessment for a beaver pond associated with a former gas compressor station in
Thunder Bay, Ontario, Canada. Responsible for obtaining he scientific collection permit and for operating the
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backpack electrofishing unit. Evaluated potential effects of PCBs, petroleum hydrocarbons, and toluene to 
benthic invertebrates, via sediment toxicity testing, and to aquatic-feeding wildlife, via a bioaccumulation 
model.  

• For a five-year review of the Lawrence Livermore National Laboratory experimental test facility, developed a 
bioaccumulation model to evaluate potential risks to terrestrial and aquatic wildlife inhabiting an operable unit 
within the facility in Livermore, California. Chemicals of interest included metals, PCBs, and several radioactive 
isotopes. Evaluated exposure to wildlife, including burrowing animals (i.e., burrowing owl, California ground 
squirrel, and kit fox), using soil bioaccumulation factors. 

• Under the Connecticut corrective action program, prepared a screening level ecological risk assessment for 
aquatic and terrestrial resources within and adjacent to an electrical equipment manufacturing facility in 
Bridgeport, Connecticut. Selected conservative, ecotoxicity-based screening values from appropriate sources. 
Using bioaccumulation factors derived from multiple sources, estimated concentrations of bioaccumulative 
metals, pesticides, PAHs, and PCBs in prey items for incorporation into a food web model. Successfully limited 
the scope of subsequent ecological risk activities. 

• Completed an ecological risk assessment for identified solid waste management units (SWMUs), areas of 
concern (AOCs), and adjacent portion of Otter Creek as part of a Resource Conservation and RCRA Facility 
Investigation (RFI) for a treatment, storage, and disposal facility (TSDF) within an urbanized watershed in 
Oregon, Ohio. Used equilibrium partitioning and food web modeling to refine exposure and effects 
assumptions for evaluating the potential risks of metals, pesticides, PCBs, and PAHs to benthic invertebrates, 
fish, and aquatic-feeding wildlife. Calculated appropriate sediment quality benchmarks for selected VOCs. 
Successfully demonstrated a lack of evidence connecting the facility to the failure of surface water and 
sediment standards in Otter Creek. 

• Under the Indiana Voluntary Remediation Program (VRP), completed a comprehensive baseline ecological risk 
assessment and a screening-level ecological risk assessment for Pleasant Run Creek, adjacent to a former gas 
manufacturing facility in Indianapolis, Indiana. Developed the strategy and managed the collection of co-
located surface water, sediment, and sediment porewater samples. Assessed bioaccumulative chemicals via a 
site-specific wildlife model. Successfully limited the area of impact within the creek using techniques to evaluate 
bioavailability (e.g., weak acid dissociable cyanide and alkylated polycyclic aromatic hydrocarbons [PAHs]). 

• Directed ecological risk assessment activities in areas adjacent to a can manufacturing facility in support of a 
RCRA corrective action in Cincinnati, Ohio. Developed specialized, site-specific standard operating protocols 
(SOPs) to address the collection of surface water (Van Dorn sampler), sediment (petite ponar sampler), 
sediment porewater (direct push point, piezometer), and surface soil (hand auger) samples to evaluate 
potential groundwater-surface water interaction in a quarry pond. Evaluated the potential for site-related 
impacts using equilibrium partitioning-based methodology (e.g., alkylated PAHs and AVS/SEM. 

• Collected co-located soil and biota tissue (i.e., soil invertebrate and small mammal) samples from the 
undeveloped floodplain of Stony Creek in Noblesville, Indiana, downgradient of an air spring manufacturing 
facility as part of corrective measures activities,. License holder for the required scientific collection permit. 
Evaluated risks to ecological and human receptors due to  PCBs within the AOC. 

• Conducted a targeted ecological risk assessment for a wetland located on northern Lake Erie in Wheatley 
Harbour, Ontario, Canada on behalf of Essex Regional Conservation Authority, as an agent of Environment 
Canada and Ontario Ministry of the Environment. Risks posed to piscivorous (fish-eating) fish, birds, and 
mammals by PCBs were evaluated using dose-based methods. Additionally, the body burden-based approach 
was used to evaluate risks to mink, the most sensitive of the receptors evaluated. Risk-based fish tissue and 
sediment thresholds protective of mink were calculated. Determined that management of sediment was not 
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warranted to protect piscivorous species. Findings contributed significantly to delisting Wheatley Harbour as a 
Great Lakes AOC in 2010.  

• Completed an ecological risk assessment in Peninsula Harbour, Lake Superior, Canada, on behalf of
Environment Canada, which addressed potential risks due to PCBs and mercury in sediment and aquatic biota
within a Great Lakes AOC. Calculated target fish tissue concentrations to develop numerical sediment
management goals. Estimated the area and volume of sediment warranting management to achieve these
goals, as well as any residual risks following source control measures, to aid Environment Canada, Ontario
Ministry of the Environment, and other stakeholders in understanding whether sediment management is
warranted.

• Directed ecological activities associated with a pipe plant facility in Pennsylvania under Pennsylvania’s Land
Recycling and Environmental Remediation Standards Act (Act 2). Developed specialized, site-specific SOPs for
the collection of surface water and sediment samples from various wetlands potentially impacted by past
releases from the facility. Chemicals of interest included VOCs, SVOCs,  PCBs, and various metals.

• Completed a comprehensive baseline ecological assessment under the Indiana VRP, for Fall Creek flowing
adjacent to a former coke facility in Indianapolis, Indiana. Evaluated existing data relating to the current
ecological quality of Fall Creek, as well as developed and executed a sampling strategy to examine the
sediment quality due to ubiquitous urban contaminants, such as PAHs and metals, immediately upgradient of
the facility. The effect of PAHs to benthic invertebrates was evaluated cumulatively, based on equilibrium
partitioning.

• Reviewed USEPA’s screening ecological risk assessment and identified refinements needed to finalize selection
of chemicals for further evaluation as part of the site RI/FS of Cam-Or Superfund Site, Indiana. Supplemental
sediment, surface soil, and biota tissue sampling addressed issues of site-specific bioavailability, toxicity, and
bioaccumulation, using analyses such as  PCB homologues, alkylated PAHs, AVS and SEM, and dissolved
metals in sediment porewater. Completed a baseline ecological risk assessment addressing on-site terrestrial
and off-site aquatic areas potentially affected by the site.

• Completed a screening level ecological risk assessment for a former electric manufacturing site in Cape
Girardeau, Missouri, based on VOCs and SVOCs in surface water, sediment, and surface soil. Using site- 
and chemical-specific information, eliminated seven out of eight chemicals (identified following the
conservative screening) from further evaluation. Evaluated the risk of PCBs to upper trophic level birds and
mammals in the refined assessment.

• Developed work plans for risk assessment activities in 6-acre Johnson Lake  within the former floodplain of the
Columbia River, Portland, Oregon following completion of a screening assessment of available sediment and
surface soil data. Tissue sampling (i.e., plants, benthic macroinvertebrates, and fish) and wildlife modeling
were then implemented to address potential bioaccumulation of  PCBs, pesticides, and selenium. Toxicity
testing was conducted to address potential effects on benthic macroinvertebrates. Ecological effects were
assessed in accordance with Oregon Department of Environmental Quality rules, which specify the calculation
of population-level risk estimates.

• Revised a previous screening ecological risk assessment for an active tank-trailer terminal at the Bridgeport
Superfund Site, New Jersey. Compared maximum detected concentrations of VOCs, SVOCs,  PCBs,
pesticides, and metals in surface soil to appropriate ecological screening values for soil, including USEPA
Ecological Soil Screening Levels (Eco-SSLs) and Region 5 Ecological Screening Levels (ESLs).

• Prepared an ecological risk assessment for a creek system adjacent to a steel manufacturing facility in
Middletown, Ohio. Chemicals of interest included  PCBs, PAHs, and metals in surface water, sediment,
surface soil, and biota (plants, macroinvertebrates, and fish). Sediment analyses were selected using risk-
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based data use objectives. Evaluation focused on the potential risk to aquatic organisms and aquatic-feeding 
wildlife and integrated survey data measuring fish and invertebrate community quality.  

• Under RCRA, prepared a screening level ecological risk assessment for a 700-acre steel manufacturing and 
processing facility in Mansfield, Ohio. Identified significant on-site ecological habitat to focus the evaluation 
on the appropriate terrestrial and aquatic portions of the site, including Rocky Fork Creek and its associated 
floodplain. Evaluated potential risks to aquatic and terrestrial plants, invertebrates, fish, and aquatic- and 
terrestrial-feeding wildlife to  PCBs, metals, SVOCs, and VOCs in on-site surface water, sediment, and surface 
soil. 

• Completed a screening level ecological risk assessment for Clear Creek in Bloomington, Indiana to assist with 
closure activities at the site under Indiana Department of Environmental Management’s VRP. The creek is 
adjacent to a former wood-treating facility. Assessment focused on potential risks of aquatic organisms and 
aquatic-feeding wildlife to chemicals in sediment and surface water. Chemicals of interest included SVOCs, 
benzene, toluene, ethylbenzene, and xylene (BTEX), and metals. Based in part on the equilibrium partitioning 
approach, the bioavailability and bioaccumulation potential of chemicals to aquatic organisms were 
determined using specialized analyses (i.e., alkylated PAHs, AVS and SEM, and analysis of dissolved metals 
in sediment porewater). 

• Developed a screening level ecological risk assessment for Little Beaver Creek in Lammers Barrel Superfund 
Site in Ohio, which was potentially affected by groundwater discharge. As part of the site RI/FS, applied a 
model using the equilibrium partitioning approach (modified for VOCs) to assess cumulative risks of BTEX and 
PAHs in sediment. 

• Prepared screening and baseline ecological risk assessments for an RFI at the research and development 
facility of a major manufacturer in Granville, Ohio. Chemicals of interest for the screening evaluation included 
metals, SVOCs, and VOCs in wetland, pond, stream, wooded, and open upland habitat. Focused sampling 
to support the baseline evaluation, documenting the site-specific bioavailability of lead to benthic organisms 
and the bioaccumulation of  PCBs to aquatic-feeding wildlife. 

• Conducted screening and baseline ecological risk assessments at the Hertel Landfill Superfund Site, New York 
for the potential impacts of discharging groundwater on adjacent wetlands and streams. Chemicals of interest 
included PAHs, pesticides, metals, and cyanide. Successfully limited the extent of additional sampling by 
applying in-depth knowledge of the ecotoxicology literature in the screening assessment. 

• Developed detailed toxicity profiles for cyanide and ammonia as part of a probabilistic risk assessment for 
hypothetical fire retardant spill scenarios. Developed species sensitivity distributions and identified the relative 
sensitivity of various categories of freshwater species. Identified relationships between exposure duration and 
acute toxicity, to increase the accuracy of risk predictions for pulse exposures in streams. 

• Prepared an ecological risk assessment and associated field sampling plan for PCBs and lead in a small 
stream adjacent to a former scrap yard in Crawfordsville, Indiana. Directed the field effort, which included 
collection of sediment and surface soil and specialized sampling of biota tissue (plants, benthic invertebrates, 
terrestrial invertebrates, fish, and small mammals), to support a wildlife food web model and analyses of 
chemical bioavailability. Chemical fingerprinting techniques were used to distinguish sources of chemical 
contamination. 

• Assisted with closure activities for a portion of an automobile manufacturing facility in Dayton Ohio. 
Conducted a site visit, following Ohio EPA ecological risk assessment guidance for ecological site assessment, 
to determine the potential migration pathways for chemicals of interest to ecological receptors and also the 
presence of ecological habitat on-site and within the locality of the site. 
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Environmental Assessments (NEPA) 

 Developed an Environmental Assessment to support USACE environmental review under NEPA for a proposed 
offshore wind energy project. The pilot project would potentially be North America’s first wind energy project 
in a true offshore freshwater environment and would consist of a six-turbine array, located in Lake Erie near 
Cleveland, Ohio. Completed activities necessary to secure the required environmental permits, such as Section 
404/Section 10 Permit (USACE), Section 401 Water Quality Certification (Ohio EPA), Certificate of 
Environmental Compatibility and Public Need (Ohio Power Siting Board), and Coastal Zone Management Act 
Certification/submerged land lease (Ohio DNR). To facilitate NEPA compliance, presented initial findings of 
the Environmental Assessment to USACE. 

 Prepared an Environmental Assessment to support a new drug application submittal to both the Center for Drug 
Evaluation and Research of the Food and Drug Administration and the European Union. Used probabilistic 
techniques to assess ecological risk to aquatic and terrestrial organisms and aquatic- and terrestrial-feeding 
wildlife, incorporating direct contact and dietary exposures to receptors under multiple environmental 
scenarios. Modeled exposures were based on fugacity and bioaccumulation characteristics and accounted for 
environmental variability in a wide variety of aquatic and terrestrial systems. Community-level aquatic effects 
were evaluated through the use of a species sensitivity distribution for multiple, diverse taxa. 

Biological/Habitat Surveys 

• Evaluated the overall suitability of habitat along the Lake Superior Peninsula Harbour AOC shoreline for 
piscivorous wildlife in order to realistically refine exposure estimates and facilitate remediation decisions for the 
AOC. Employed the U.S. Fish and Wildlife Services’ habitat suitability index (HIS) model for mink (Mustela 
vison), while habitat suitability for river otter (Lontra canadensis) was evaluated qualitatively. Data collection 
focused on identification of the potential presence of mink or river otter and the suitability of the shoreline and 
riparian habitat to support these species. Prepared field survey methodology, compiled field data, and 
developed report. 

• Evaluated habitat along the Stony Creek floodplain in Noblesville, Indiana for the potential presence of 
and/or suitability for mink. Assisted with data collection, following the U.S. Fish and Wildlife Services’ HSI 
model for mink. Data facilitated ecological risk assessment activities for the area. 

• Conducted an on-site ecological assessment to determine the location and extent of aquatic and terrestrial 
ecological habitat on, adjacent to, and near the site prior to development of an ecological risk assessment for 
an automotive and aerospace manufacturing facility in northwestern Pennsylvania. Also completed a cursory 
biological survey, identifying any potential ecological receptors. 

• Performed Qualitative Habitat Evaluation Index (QHEI) assessment of several segments of the lower Buffalo 
River (Buffalo, New York) to provide ecological baseline information to evaluate alternative remediation 
measures and establish expected endpoints for improving beneficial uses of selected portions of the river. 

Sediment and Water Quality Evaluations 

• Assigned as field team leader and responsible for oversight, direction, and organization of all off-site field 
activities conducted near a 202-hectare former Deloro mining site in Ontario, Canada. Collected 17 co-
located sediment and benthic invertebrate samples for chemical characterization, toxicity testing, and benthic 
community analysis (i.e., sediment triad), as well as co-located aquatic plant and surface water samples, from 
five ponds. Also collected co-located surface soil and terrestrial invertebrate samples for chemical analysis from 
the associated floodplain areas. 
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• Developed surface water, sediment, and biological characterisation guidance—including text chapters, SOPs,
and checklists— on behalf of Canadian Council of Ministers of the Environment (CCME) and Environment
Canada for use by environmental professionals working for federal, provincial, territorial, and/or private land
managers and owners throughout Canada. Guidance to aid in the collection of representative, high quality
surface water, sediment, and biological tissue (e.g., invertebrates, fish, small mammals) data for environmental
and human health risk assessments. Sediment guidance tools included in CCME’s Guidance Manual for
Environmental Site Characterization in Support of Environmental and Human Health Risk Assessment.

• Collected fish from several locations in the Buffalo River, Buffalo, New York and a reference stream using a
variety of methods (i.e., electrofishing, seining, trap lines, hoop nets) as part of a site remedial investigation.
Calculated metrics for the fish community to evaluate key community attributes and individual fish health. Also
used Index of Biotic Integrity (IBI) to merge data into a single index value. Additional collection efforts targeted
brown bullhead catfish for histopathology. Tagged selected catfish using Visual Identification alpha tags and
released to determine home range areas.

• Developed SQBs for several SVOCs in support of a water quality evaluation for a chemical company. Initially
derived Tier II water quality benchmarks (WQBs) in freshwater, primarily based on the Great Lakes Water
Quality Initiative approach. Subsequently calculated SQBs using the WQB, fraction of organic carbon, and
the octanol-water partition coefficient (Kow). For chemicals with a low Kow, used a modification to the
equilibrium partitioning equation which incorporates a site-specific estimate of percent solids.

• Evaluated sediment quality in a small stream adjacent to a former electronic manufacturing site in Hanover
Township, New Jersey. Conducted a sediment triad (evaluation of co-located benthic community surveys,
toxicity tests, and specialized sediment chemistry data) for both on-site and upstream reference areas to
complete site delineation of the impacts of metals. Using a weight-of-evidence approach, determined that
although metals were present in sediment at concentrations above the NJDEP screening values, the sediment
was not toxic, and the resident benthic invertebrate community was not impaired. Therefore, demonstrated that
the metals were not sufficiently bioavailable to cause ecological harm. As a result of this investigation, the
NJDEP issued a No Further Action determination for this area of the site.

• Conducted a critical review of published exposure and effects information for fish exposed to PAHs in
sediment. Review included as a chapter of a compendium developed by the Electric Power Research Institute
and designed to aid in the management of contaminated sediments, particularly at manufactured gas plant
sites.

• Investigated the effects of trematode infection, leading to limb deformities, in wood frogs. Examined the
connection between water quality, eutrophication, and trematode infection in frogs.

• Evaluated surface water and groundwater chemistry following a release of 42,000 gallons of a 50 percent
sodium hydroxide (NaOH) solution into a tributary and wetlands associated with Sinnemahoning Portage
Creek in Gardeau, Pennsylvania. Effects of high pH on natural buffering capacity and re-equilibration,
mobilization of naturally occurring metals, and toxicity, as well as neutralization by citric acid and dilution,
were investigated.

• Completed a sediment, surface water, and fish tissue investigation in creeks potentially impacted by
groundwater discharge from a pesticide manufacturing disposal landfill at Hardeman County Landfill
Superfund Site, Tennessee as part of the USEPA’s Second Five Year Review for the site. Prepared the project
quality assurance project plan (QAPP) and served as quality assurance director for the project, including
subsequent soil gas, groundwater, and subsurface soil investigations, both on and near the site.

• Successfully petitioned the Michigan Department of Environmental Quality (MDEQ) to increase state water
quality standards for barium, manganese, and 2,4-dimethylphenol. Determined the basis for existing criteria,
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identified additional, published toxicity data, and developed proposed criteria revisions for submission to he 
MDEQ. 

• Provided emergency response and subsequent ecological and human health support for a train derailment that 
released approximately 28,500 gallons of sodium hydroxide (NaOH) solution into Cowan Creek in 
Wilmington, Ohio. Implemented and managed initial containment and remedial activities. Completed the 
following assessments following the initial response activities: (1) physical and ecological description of the 
study area; (2) pre-release ecological status of the creek; (3) post-release ecological status; (4) human health 
exposure evaluation; and (5) five-year human use comparison between state parks. Initial emergency response 
efforts were successful in mitigating the impacts to the creek from the release, and no impact was observed in 
a nearby state park. 

• Participated, on behalf of a client, in a local stakeholders group (Duck & Otter Creek Partnership) focused on 
watershed planning efforts for two creeks located within the Maumee river basin in Toledo, Ohio. The 
Partnership included industry and local citizens, with the Ohio EPA’s cooperation. 

• Developed water quality values for isopropylbenzene, using USEPA-endorsed methods, as alternatives to the 
highly conservative values used by the New York State Department of Environmental Conservation (NYSDEC). 
In addition to the USEPA procedures, calculated values based on the quantitative structure activity relationship 
(QSAR) and equilibrium partitioning. 

Site Investigation, Remediation, and Restoration 

• Supported remedial and restoration activities within a creek system adjacent to a steel manufacturing facility in 
Middletown, Ohio. Activities included removal of PCB-impacted sediment, via dredging, and adjacent 
floodplain soil. Subsequent restoration activites of the excavated areas focused on limiting movement of 
contaminants from adjacent areas, minimizing channel incision, and restoring biological productivity to the 
maximum extent practical. Restoration of the stream’s biological habitat included placement of clean substrate 
(sand, gravel, and cobble), minimization of down-cutting, under-cutting, and/or incision of the stream, and 
establishment of a floodplain/floodway and other riparian restoration measures (e.g., native re-vegetation).  

• Provided sampling support for a RCRA/Corrective Measure Study (CMS) to evaluate the nature and extent of 
contamination and assess risk to human health and the environment posed by contamination within solid waste 
management units (SWMUs) associated with a steel manufacturing facility in Middletown, Ohio. Intrusive 
investigation included sampling groundwater, surface water, soil, soil gas, and landfill gas. 

• Completed quarterly groundwater monitoring for two years at a former peroxide facility in Elyria, Ohio. 
Supported a site closure request with the Ohio EPA. 

• Prepared investigation work plans for the vertical (surface and subsurface) and horizontal delineation of 
floodplain soil and sediment in a creek system adjacent to a steel manufacturing facility in Middletown, Ohio. 
Served as field manager during the investigations. PCBs were the chemicals of interest. Analytical results were 
used to support remedial decision-making for the creek. 

• Completed a baseline characterization of the Piles Creek watershed and the nearby reach of the Arthur Kill in 
New Jersey. Investigated, among others, historical land use; urban/industrial development; location of 
wastewater treatment plants, combined sewer overflows, wetlands, National Pollutant Discharge Elimination 
System (NPDES) permits, and state-and federal-listed sites; boat traffic; dredging activity; nutrient load; invasive 
species; regional sediment chemistry data; and biological communities. 

REGISTRATIONS AND CERTIFICATIONS 

Certified Wildlife Biologist (CWB)®, The Wildlife Society 
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Hazardous Waste Operations and Emergency Response, 40-hour OSHA HAZWOPER 

Adult CPR and First Aid, American Red Cross, Cleveland, Ohio 

Level 2 Qualified Data Collector for Stream Habitat Assessment (QHEI), Division of Surface Water Volunteer 
Monitoring Program, Ohio Environmental Protection Agency, 2004 

Cartography, Photogrammetry, Remote Sensing, and GIS Certification, Wright State University, Dayton, Ohio, 1998 

PROFESSIONAL AFFILIATIONS 

Member, Society of Environmental Toxicology and Chemistry (SETAC), since 2004 

Board Member, Ohio Valley Regional Chapter, Society of Environmental Toxicology and Chemistry (SETAC), since 
2006 

Member, The Wildlife Society, since 2007 

Executive Board Member (Vice Chair), Wildlife Toxicology Working Group, The Wildlife Society, 2013-2014 

Member, Wildlife Toxicology Working Group, The Wildlife Society, since 2009 

PROFESSIONAL ACTIVITIES 

• Session Co-Moderator, Wildlife Ecotoxicology Supporting Management Decision Making, 33rd North 
American Meeting of the Society of Environmental Toxicology and Chemistry (SETAC), Long Beach, 
California, 2012 

• Symposium Attendee, Ohio’s Wildlife in a Changing Climate: Sustaining Habitats and Diversity, workshop co-
sponsored by Ohio Department of Natural Resources, Ohio Division of Wildlife, Ohio Chapter of The Wildlife 
Society, The Wilds, The Nature Conservancy, The Ohio State University, Old Woman Creek National 
Estuarine Research Reserve, Ohio Coastal Training Program, National Oceanic and Atmospheric 
Administration; Columbus, Ohio, 2011 

• Workshop Developer and Co-Presenter, Ecotoxicology for Biologists and Land Managers, 18th Annual 
Conference of The Wildlife Society, Waikoloa, Hawaii, 2011 

• President, Ohio Valley Regional Chapter of the Society of Environmental Toxicology and Chemistry (SETAC), 
2010 

• Session Moderator, Assessing and Managing Contaminated Sediment, 37th Aquatic Toxicity Workshop, 
Toronto, Ontario, Canada, 2010 

• Short Course Participant, Non-destructive Collection of Biological Samples from Wild Species for Contaminant 
Analysis, 30th Nor h American Meeting of the Society of Environmental Toxicology and Chemistry (SETAC), 
New Orleans, Louisiana, 2009 

• Short Course Participant, Approaches to Utilizing Amphibians and Reptiles in Environmental Assessments, 28th 
North American Meeting of the Society of Environmental Toxicology and Chemistry (SETAC), Milwaukee, 
Wisconsin, 2007 

• Short Course Participant, Exposure Modeling – Food Chain Modeling using Probabilistic Assessment 
Techniques, 26th North American Meeting of the Society of Environmental Toxicology and Chemistry 
(SETAC), Baltimore, Maryland, 2005 
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• Workshop Participant, Biological Assessments and Criteria and Habitat Evaluation Training, instructors:  Chris
Yoder, Ed Rankin, and Jeff DeShon, Midwest Biodiversity Institute & Center for Applied Bioassessment &
Biocriteria, Columbus, Ohio, 2004

• Symposium Attendee, Multiple Stressor Effects in Relation to Declining Amphibian Populations, sponsored by
the American Society for Testing and Materials (ASTM) Committee E47 on Biological Effects and
Environmental Fate, Pittsburgh, Pennsylvania, 2002

PUBLICATIONS & PRESENTATIONS 

Leigh, K.B. and M. Striker. 2014. Whence comes the FONSI? Overview of NEPA and major Federal actions. Invited 
presentation at 29th Ohio Environmental Energy and Resources Law Seminar, Ohio State Bar Association, Newark, 
Ohio. 

Mahaney, W.M., J.L. Lyndall, K.B. Leigh, and T.R. Barber. 2013. Common ground in a heated debate: A role for 
restoration in facilitating plant species’ responses to climate change. 5th World Conference on Ecological 
Restoration, Society for Ecological Restoration, Madison, Wisconsin. 

Wenning, R.J., L. Martello, and K. Leigh. 2012. Important considerations governing the behavior of chemicals in 
sediments and water in tropical and temperate environments. 33rd North American Meeting of the Society of 
Environmental Toxicology and Chemistry (SETAC), Long Beach, California. 

Wenning, R.J., L. Martello, J. Conder, K. Leigh, and S.S. Brown. 2011. Important considerations governing the 
behaviour of chemicals in sediments and water in tropical and temperate environments. 1st International 
Conference on Deriving Environmental Quality Standards for the Protection of Aquatic Ecosystems (EQSPAE), Hong 
Kong, China. 

Leigh, K.B., M.H. Henning, A.L. Fogg, P.C. Fuchsman, N.E. Dyck, and J. Conder. 2011. To depurate or not to 
depurate? Using earthworm tissue to estimate doses to small mammals in ecological risk assessment. 32nd North 
American Meeting of the Society of Environmental Toxicology and Chemistry (SETAC), Boston, Massachusetts. 

Wenning, R.J., J. Shaw, L. Martello, J. Conder, and K. Leigh. 2011. Behavior of chemicals in sediment in tropical vs. 
temperate environments. Regional Meeting of the Mexico Chapter of the Society of Environmental Toxicology and 
Chemistry (SETAC), Meridia, Mexico. 

Leigh, K., M. Henning, and P. Fuchsman. 2010. The role of ecological risk assessment in delisting of the Wheatley 
Harbour Area of Concern. 37th Annual Aquatic Toxicity Workshop, Toronto, Ontario, Canada. 

Fuchsman, P., J. Lyndall, M. Bock, D. Lauren, T. Barber, K. Leigh, E. Perruchon, and M. Capdevielle. 2010. Terrestrial 
risk evaluation for triclosan in land-applied biosolids. Integrated Environmental Assessment and Management 6(3): 
405-418. 

Lyndall, J., P. Fuchsman, M. Bock, T. Barber, D. Lauren, K. Leigh, E. Perruchon, and M. Capdevielle. 2010. 
Probabilistic evaluation for triclosan in surface water, sediments, and aquatic biota tissues. Integrated 
Environmental Assessment and Management 6(3):  419-440. 

Leigh, K., K. Wells, A. Fogg, M. Henning, S. Hall, and C. Allaway. 2009. Development of contaminated site 
characterization guidance for sampling in support of human health and environmental risk assessments within 
Canada. 30th North American Meeting of the Society of Environmental Toxicology and Chemistry (SETAC), New 
Orleans, Louisiana. 

Leigh, K., S. Hall, T. Bradley, L. Minella, and T. Kuykindall. 2009. Toxicity of TiO2 to freshwater fish, invertebrates, 
and algae – effects of organic carbon on TiO2 toxicity. 26th Regional Meeting of the Ohio Valley Chapter of the 
Society of Environmental Toxicology and Chemistry (SETAC), Cincinnati, Ohio. 
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Fuchsman, P., K. Leigh, M. Henning, and P. Welsh. 2009. Risks to mink from PCBs in Muddy Creek, Wheatley 
Harbour Area of Concern, Ontario. 5th International Conference on Remediation of Contaminated Sediments by 
Battelle, Jacksonville, Florida. 

Leigh, K., K. McKay, M. Henning, and K. Merritt. 2008. Evaluation of mink and river otter habitat suitability wi hin the 
Peninsula Harbour shoreline in Lake Superior, Canada. 15th Annual Conference of The Wildlife Society, Miami, 
Florida. 

Leigh, K., P. Fuchsman, M. Henning, and P. Welsh. 2008. Innovative evaluation of risks to mink from PCBs in Muddy 
Creek, Wheatley Harbour Area of Concern, Lake Erie, Ontario. 51st Annual Conference on Great Lakes Research 
by the International Association for Great Lakes Research (IAGLR), Peterborough, Ontario, Canada. 

Henning, M., K. Leigh, K. Merritt, V.M. Magar, and R. Santiago. 2008. Assessment and mitigation of ecological risks 
posed by mercury and PCBs in Peninsula Harbour sediment, Lake Superior. 2008 Federal Contaminated Sites 
National Workshop, Vancouver, British Columbia, Canada. 

Henning, M., K. Leigh, P. Fuchsman, T. Barber, and R. Santiago. 2007. An integrated approach to the management 
of contaminated harbour sediment:  Peninsula Harbour ecological risk assessment. 28th North American Meeting 
of the Society of Environmental Toxicology and Chemistry (SETAC), Milwaukee, Wisconsin. 

Barber, T.R., P.C. Fuchsman, M.J. Ferguson, and K.B. Leigh. 2006. Inter-laboratory comparisons of PCB analyses in 
sediment:  Implications for site characterization and risk assessment. 27th North American Meeting of the Society 
of Environmental Toxicology and Chemistry (SETAC), Montreal, Canada. 

Fuchsman, P.C., T.R. Barber, J.C. Lawton, and K.B. Leigh. 2006. An evaluation of cause-effect relationships between 
polychlorinated biphenyl concentrations and sediment toxicity to benthic invertebrates. Environmental Toxicology 
and Chemistry 25(10):  2601-2612. 
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Michael Ferguson has more than nine years of experience in environmental consulting. Since joining ENVIRON, 
Michael has gained experience in biota, soil, sediment, and water quality investigations; standard operating protocol 
(SOP) writing; environmental monitoring; ecological risk assessments; transport modeling; data analysis; quality 
assurance/quality control; and the development and execution of field investigations.  

EDUCATION 

2005 Graduate Studies, Biology, John Carroll University, University Heights, Ohio 

2002 BS, Biology, John Carroll University, University Heights, Ohio 

EXPERIENCE 

• Conducted biota, soil, sediment, and surface water sampling for chemical characterization at a 700-acre steel
manufacturing and processing facility in Mansfield, Ohio. Data will support an evaluation of potential risks to
aquatic and terrestrial plants, invertebrates, fish, and aquatic- and terrestrial-feeding wildlife to polychlorinated
biphenyls (PCBs), metals, semi-volatile organic compounds (SVOCs), and volatile organic compounds (VOCs) in
on-site surface water, sediment, and surface soil of Rocky Fork Creek and its associated floodplain.

• Participated in the field activities to delineate the horizontal and vertical extent of polychlorinated biphenyls (PCBs)
in sediments, floodplain soils, and upland source areas associated with a 5,650-foot creek system adjacent to a
steel manufacturing facility in southwestern Ohio. Field activities involved the collection of hundreds of sediment
and soil samples. Activities were conducted under terms in a Consent Decree with USEPA, Ohio EPA, Sierra
Club, and Natural Resources Defense Council (NRDC). Assisted in the preparation of work plans, data summary
reports, and remediation design documents. Provided oversight during implementation of remediation and
restorations activities which included dewatering and mechanical excavation of the creek system.

• Participated in field activities to evaluate the nature and extent of contamination originating from two solid waste
management units (SWMUs) at a steel manufacturing facility in southwestern Ohio.by collecting and analyzing
groundwater, surface water, soil, surface soil, and soil and landfill gas samples. Field activities were conducted
under a work plan for RCRA facility investigation (RFI) and Corrective Measure Study (CMS). The analytical results
will be used to assess current and potential future risks to human health and the environment both on and off the
facility. After completion of the RFI, potential corrective measures technologies will be evaluated using data
gathered during the investigation and the results of groundwater modeling to address detected contamination, as
appropriate.

• Served as an integral team member in several ecological risk assessments. He has assisted in development and
implementation of work plans, sampling programs, riparian zone evaluations, sedimentation assessments, and
remediation design.

• Conducted sediment and upland soil investigations for polychlorinated biphenyls (PCBs) at an 18-acre lake in
Portland, Oregon. The investigations provided details necessary for of the design of a final remedy, as selected
by Oregon Department of Environmental Quality (DEQ) in a Record of Decision. Assisted with supporting tasks
throughout project including preparation or revisions to various workplans, data reports, feasibility plan, Health
and Safety Plan (HASP), Stormwater Pollution Prevention Plan (SWP3), and Site Security Plan (SSP).
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• Conducted the sediment delineation of a central Ohio creek and its tributary. The final report supported of the
preparation of the remediation design to excavate major sediment deposits previously determined by others to
contain chlordane.

• Assisted with quarterly groundwater monitoring at a former peroxide facility to support a site closure request with
the Ohio Environmental Protection Agency.

• Provided litigation support for a large oil spill Natural Resource Damage Assessment (NRDA) in the southeastern
United States.

• Participated in the evaluation of ecological risk associated with triclosan, an anti-microbial used in various
personal care products. Assisted in the development of a model to determine its fate during the wastewater
treatment process and ecological risks associated with its occurrence in treated effluent and land-applied
biosolids. The assessment used probabilistic techniques to assess risk to soil-dwelling and aquatic organisms and
terrestrial and aquatic-feeding wildlife. A chronic species sensitivity distribution was constructed as part of the
aquatic effects assessment.

• Assisted with a probabilistic evaluation of the environmental impacts of a consumer chemical. Provide support for
the design and implementation of a coupled fugacity-food web model to predict risks to ecological receptors due
to the release of a consumer chemical. The model followed the fate and transport of a consumer chemical from
release to wastewater treatment plants then to wildlife receptors. The model predicted the range of exposures and
effects expect in watersheds throughout the continental United States.

CREDENTIALS 

Registrations and Certifications 

Hazardous Waste Operations and Emergency Response, OSHA Regulation 29 CFR 1910.120 

10 Hour Construction Industry Outreach Training, OSHA Regulation 29 CFR 1926 

Adult CPR and First Aid, American Red Cross 

PUBLICATIONS 

Sgro, G.V., E.D. Reavie, J.C. Kingston, A.R. Kireta, M.J. Ferguson, N.P. Danz, and J.R. Johansen. A diatom quality 
index from a diatom-based total phosphorus inference model. Environmental Bioindicators, 2: 15-34, 2007. 

Reavie, E.D., R.P. Axler, G.V. Sgro, N.P. Danz, J.C. Kingston, A.R. Kireta, T.N. Brown, T.P. Hollenhorst, M.J 
Ferguson, Diatom-based weighted-averaging transfer functions for Great Lakes coastal water quality: relationships 
to watershed characteristics. Journal of Great Lakes Research 32:321-347, 2006. 

PRESENTATIONS 

Fuschsman, P., E. Perruchon, M. Ferguson, and M. Nielsen. Sediment remediation goals based on cause-effect-
oriented literature review: Case study. Battelle: Seventh International Conference on Remediation of Contaminated 
Sediments, Dallas, Texas, 2013. 

Barber, T., R. Webb, D. Pickering, and M. Ferguson. Measures to assess the short- and long-term effectiveness of 
sediment remedial and restoration projects: An evaluation of two case studies. Sediment Management Work 
Group Sponsor Forum, Newark, New Jersey, 2012. 

Fuschsman, P., E. Perruchon, M. Ferguson, and M. Nielsen. Development of watershed-specific risk-based DDT 
sediment benchmarks for the protection of fish. 33rd Annual Meeting of the Society of Environmental Toxicology 
and Chemistry, Long Beach, California, 2012. 

901



Michael J. Ferguson 

environcorp.com 3 

Barber, T.R., M.J. Ferguson, T.S. Leigh, and B. Patterson. Sediment, floodplain soil, and groundwater remediation and 
restoration: Review of Year 1 activities in an urban stream system in southwest Ohio. Sediment Management Work 
Group Sponsor Forum, Philadelphia, Pennsylvania, 2011. 

Bock, M. J, E. H Martin, T. R. Barber, and M. J. Ferguson. The estimation of baseline metals concentrations in 
sediments from New York/New Jersey Harbor. Battelle: Fifth International Conference on Remediation of 
Contaminated Sediments, Jacksonville, Florida, 2009. 

Barber, T.R. and M.J. Ferguson. Evaluation of Immunoassay and GC/MS Data for Delineation and Confirmation 
Sampling Purposes: Total PCBs in Floodplain Soil. 29th Annual Meeting of the Society of Environmental 
Toxicology and Chemistry, Tampa, Florida, 2008. 
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Environmental Toxicology and Chemistry, Montréal, Québec, 2006. 

Bock, M.J., T.R. Barber, and M. Ferguson. FUGAWEB, A probabilistic fugacity and food web model for assessing 
ecological risks associated with consumer products. Meeting of the North Atlantic Chapter of the Society of 
Environmental Toxicology and Chemistry, Portland, Maine, 2006. 

Bock, M.J., T.R. Barber, M. Ferguson, and M. Capdevielle. Assessing the fate of chemicals in consumer products using 
fugacity modeling within a probabilistic framework. 27th Annual Meeting of the Society of Environmental 
Toxicology and Chemistry, Montréal, Québec, 2006. 
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of sediment depth data for a creek in southwestern Ohio. Meeting of the North Atlantic Chapter of the Society of 
Environmental Toxicology and Chemistry, Portland, Maine, 2006. 

Ferguson, M.J., K.C. Scotese, E.A. Morales, and J.R. Johansen. Species diversity in Fragilaria sensu lato from selected 
sites in the Great Lakes. Phycological Society of America, Williamsburg, Virginia, 2004. 
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