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ABOUT 

 

Copyright 2014. Ghent University, Arche cvba, KTH and ILZRO 

Lead bioavailability models (including Biotic Ligand Models) by GhEnToxLab, Ghent University (Belgium) 

(Karel De Schamphelaere, Charlotte Nys and Colin Janssen) 

Visual Minteq Model by KTH (Jon Petter Gustafsson) 

Conceptual design by Arche cvba (Isabelle Vercaigne, Patrick Van Sprang and Frederik Verdonck) 

Supported by ILZRO (International Lead Zinc Research Organization) 

Software implementation by Solutions-2 

 

The Lead-BLM-SSD-normalization tool is a free resource for anybody interested in using bioavailability-

based approaches for assessing the long-term hazard of lead (Pb) in the freshwater aquatic environment. 

 

Disclaimer 

Although prepared with great care, flawless operation cannot be guaranteed. Users of the tool need to be 

aware of this. By using the lead-BLM-SSD-normalization tool, users accept full responsibility for their calcula-

tions, accompanying data, media, and on-line or printed documentation. Neither Ghent University, Arche 

cvba, KTH or ILZRO can take liability for (mis)use of the results. 

The development of lead bioavailability models (including biotic ligand models, BLM) is an ongoing research 

project and hence the lead-BLM-SSD-normalization tool may undergo revisions from time to time. However, 

under no circumstances will Ghent University, Arche cvba, KTH or ILZRO be deemed responsible for inform-

ing the recipients, including the distributes, of such revisions to the bioavailability models or the lead-BLM-

SSD-normalization tool. 

 

Terms and conditions 

The Lead-BLM-SSD-normalization tool is being made available without charge under the condition that the 

user of the tool (or part of the tool) shall (i) not attempt to obtain copyright or patent in any form; (ii) not make 

a monetary charge for it to those to which the recipient may distribute it; (iii) limit in any way a redistributee’s 

use; (iv) not violate the laws and regulations of Belgium, (v) not modify, decompile or dissemble the executa-

ble portions of the tool; (vi) make correct bibliographical citation to the software as well as the lead 

bioavailabilty models whenever the tool is used in publications of any kind (papers in scientific journals, re-

ports, presentations, etc. (see “how to cite”)  
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How to cite 

The lead BLM SSD normalization tool itself should be cited as follows: 
 
Arche, Ghent University, KTH and ILZRO. 2014. The Lead BLM SSD Normalization Tool. Version 1.0.0. 

September 2014. Downloaded on [add date] from http://www.leadBLM.com. 

The scientific publications reporting and describing the bioavailability models, the chronic toxicity database 

and the normalization procedure that are at the basis of this tool must also be cited: 

Nys et al. (2014) 

De Schamphelaere et al. (2014) 

De Schamphelaere et al. (2010) 

 

 

  

http://www.leadblm.com/
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1. INTRODUCTION 

1.1. BACKGROUND 

Metals, because of their unique properties, are critical to many of the technologies that modern society relies 

on. Metals are naturally present in the aquatic environment, but can also be released to it as a consequence 

of industrial manufacturing, consumer use and recycling. The risks posed by metals to the aquatic environ-

ment are managed in many countries. In Europe, these risks are managed by legislation including REACH 

and the Water Framework Directive: 

 The Water Framework Directive (Directive 2000/60/EC of the European Parliament (EC, 2000)) re-

quires that European Union member states achieve good qualitative and quantitative status of all 

water bodies by the year 2015. EQS (Environmental Quality Standards) have been established for 

specific chemicals including metals such as lead. 

 REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) is a new regulation of 

the European Union, adopted in 2007 with an objective  of improving the protection of human health 

and the environment whilst maintaining competitiveness and strengthening the spirit of innovation in 

Europe’s chemicals industry. The European Chemicals Agency (ECHA) was established to deal 

with the day-to-day management of REACH requirements. 

Metals present many challenges to those responsible for assessing hazard and risk. Accounting for the bioa-

vailability of metals, using techniques such as the Biotic Ligand Model (BLM), resolves some of these 

difficulties in relation to hazard assessments for aquatic organisms. It has extensively been demonstrated 

that neither total nor dissolved concentrations of metals are good predictors of their potential effects on eco-

systems. Indeed, several physico-chemical water characteristics such as dissolved organic carbon (DOC), 

pH and hardness can modify toxicity with several orders of magnitude.   

 

http://ec.europa.eu/environment/chemicals/reach/reach_intro.htm
http://ec.europa.eu/environment/chemicals/reach/reach_intro.htm
http://ec.europa.eu/environment/water/water-framework/index_en.html
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1.2. DEVELOPMENT OF BIOAVAILABILITY MODELS (INCLUDING BLMS) 

A metal is considered bioavailable when uptake occurs by an organism and when it can react with its meta-

bolic machinery, which may result in a toxicity response. The main idea behind “bioavailability” is that the 

toxic effect of a metal does not only depend on the total (or dissolved) concentration of that metal in the sur-

rounding environment, but also on the complex interaction between physico-chemical and biological factors. 

In other words, the same total or dissolved metal concentration does not result in the same degree of toxic 

effect under all environmental conditions.  

The latter indicates that, if bioavailability is not taken into account, EQS for water based on total or dissolved 

concentrations may be under-protective for one type of surface water and over-protective for another. In the 

context of sustainable development, neither over nor under-protection is desirable as the former will result in 

increased societal costs involved with emission reduction and environmental sanitation measures, whereas 

the latter may result in harm to aquatic life and biodiversity.  

Despite the body of evidence on the effects of water chemistry on metal toxicity that has been generated 

during the past decades few regulatory systems have taken this into account. This is mainly due to a lack of 

quantitative tools. However, in this context, the recently developed biotic ligand model (BLM) has gained in-

creased interest from both the academic, industrial and regulatory community as this (conceptual) model is 

able to predict metal toxicity by integrating the most important effects of water chemistry. As such, the BLM 

can be regarded as a milestone in the EQS setting and ecological risk assessment of metals. Although the 

foundations were already laid as far back as the early 1970’s, the reason of the current success of the BLM 

is that, for the first time, a model was able to integrate all available state-of-the-art science, interdisciplinary 

knowledge on metal bioavailability into a generalised, visually attractive and easy-to-handle computerised 

framework. 

More recently, and specifically in Europe, the regulatory focus has shifted toward chronic toxicity to define 

effects not only on survival but also on growth and reproduction in aquatic organisms belonging to different 

trophic levels such as algae, invertebrates and fish. This is indeed required if the BLM is to be used in the 

framework of EU risk assessment or EQS setting for metals under WFD. In this way, the protection of rivers, 

lakes and streams from the potential risks of metals is ensured by using the BLM to predict more accurately 

the chronic toxicity of lead to freshwater species under different environmental conditions. The BLM evalu-

ates quantitatively the manner in which water chemistry affects the speciation and biological availability of 

metals in aquatic systems, to control the potential to cause adverse effects.  
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1.3. THE LEAD BLM SSD NORMALIZATION TOOL 

The Lead BLM SSD normalization tool is a program for anybody interested in bioavailability-based ap-

proaches for assessing the effects of lead (Pb) in the freshwater aquatic environment. The Pb BLM SSD 

normalization tool combines bioavailability models with species sensitivity distribution (SSD) analyses to de-

rive hazard concentration of Pb for a given water body. 

Since the bioavailability and therefore also the toxicity of Pb to aquatic organism is largely dependent on the 

physico-chemical composition of the water (e.g., Mager et al. 2011a,b, Grosell et al. 2006), several bioavail-

ability models have recently been developed that enable predicting chronic Pb toxicity as a function of  

surface water chemistry at multiple trophic levels :  

o Algae (Pseudokircherniella subcapitata): De Schamphelaere et al. (2014),  

o Daphnid (Ceriodaphnia dubia): Nys et al. (2014) 

o Fish (Pimephales promelas): De Schamphelaere et al. (2010); Van Sprang et al., In 

preparation 

These bioavailability models relate Pb
2+

 ion toxicity to the activity of certain cations (e.g., Ca
2+,

 H
+
), and in 

case of a BLM also to the binding of Pb to a so-called biotic ligand (Di Toro et al. 2001, Figure 1). The mod-

els also incorporate speciation effects through complexation with inorganic and organic ligands (dissolved 

organic carbon, DOC), by using the equilibrium metal speciation model Visual Minteq 3 

(http://www2.lwr.kth.se/English/OurSoftware/vminteq), a freeware program developed by Dr. Jon Petter Gus-

tafsson. Complexation of Pb with dissolved organic matter, that is, with fulvic acid, is modeled according to 

the NICA-Donnan formulation (as embedded in Visual Minteq 3.0). Bioavailability models are currently in-

creasingly being incorporated in risk assessment procedures for individual metals in Europe (Van Sprang et 

al. 2009) and the United States (USEPA, 2007). 

 

Figure 1: Schematic overview of Pb bioavailability models. Bioavailability of Pb is determined by both (i) speciation: complexation of 
Pb

2+
 by inorganic ligands (e.g., Cl

-
, SO4

2-
, OH

-
, CO3

2-
, HCO3

-
; dashed black arrow) as embedded in Visual Minteq 3.0 and of Pb

2+
 and 

PbOH
+

 (and other cations) by organic ligands (dissolved organic carbon, DOC; dashed blue arrows) as formulated by the NICA-Donnan 
Model embedded in Visual Minteq 3.0, and (ii) “competition” (full lines) between Pb

2+
 and other cations (Ca

2+ 
and H

+)
 for binding to the 

biotic ligand. The quantity of Pb
2+ 

 bound to the biotic ligand determines the toxic effect. 
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The Pb bioavailability models were validated with the toxicity data generated from studies that used field-

collected natural waters and “spot-checked” for relevancy to non-BLM species (i.e., species on which BLMs 

were not developed) in the Pb ecotoxicity database. The tool uses these bioavailability models to normalize 

the ecotoxicity data for lead to a given set of water chemistry. This approach reduces the variability in toxicity 

caused by differences in water chemistry conditions and thus reflects more appropriately the inherent inter-

species sensitivity. 

  If a large data set from long-term tests for different taxonomic groups is available (OECD, 1992), statistical 

extrapolation methods may be used to derive a safe thresholds. The main underlying assumptions of the 

statistical extrapolation methods are as follows (OECD, 1992): 

• the distribution of species sensitivities follows a theoretical distribution function;  

• the group of species tested in the laboratory is a random sample of this distribution. 

In general, the methods work as follows: long-term toxicity data are log transformed and fitted according to 

the distribution function and a prescribed percentile of that distribution is used as criterion. Several distribu-

tion functions have been proposed. The US EPA (1985) assumes a log- triangular function, Kooijman (1987) 

and Van Straalen and Denneman (1989) a log-logistic function, and Wagner and Løkke (1991) a log-normal 

function. Aldenberg and Slob (1993) refined the way to estimate the uncertainty of the 95th percentile by in-

troducing confidence levels. An advantage of such a method is that it uses the whole sensitivity distribution 

of species in an ecosystem to derive a threshold value. 

The tool for lead operates under the total risk approach, accounting for the total bioavailable amount of Pb 

including its background in water. 
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2. INSTALLATION OF THE LEAD BLM SSD NORMALIZATION TOOL  

2.1. SYSTEM REQUIREMENTS  

The Lead BLM SSD normalization tool is designed for the Microsoft Windows operating system. The mini-

mum hardware and software requirements and the recommended system configurations are described 

below. The recommended system configuration, or a higher one, results in a faster computation time. 

Minimum System Requirements: 

 PC Compatible, Intel Pentium 233 MHz  

 Microsoft Windows XP or higher 

 Microsoft .NET Framework 4.0 or higher 

 32 MB RAM 

 100 MB free disk space 

Make sure that the keyboard settings are set such that the decimal notation is based on “ . “ (instead of “ , “). 

 

2.2. INSTALLING THE LEAD BLM SSD NORMALIZATION TOOL 

For complete step-by-step instructions, follow the separate installation guides for Windows XP and Windows 

7
1
. 

To install the Windows Interface from the self-extracting file "PbBLM.msi" simply double click on the file. The 

setup program will guide the user through a fairly straightforward installation process, querying the user for 

information on where to install the necessary files. During the installation, a shortcut to the Lead BLM SSD 

Normalization Tool Windows Interface application will be added to the 'Programs' sub-menu within the 'Start' 

menu. Moreover, it is possible to create a quick-launch icon. 

The .NET framework is obligatory to run the application. In case you have not yet installed it, the .NET 

setup will be presented. Therefore, an Internet connection is necessary to download the latest .NET version. 

Both x64 and x86 architectures are supported.   

Note that on PCs running Microsoft Windows 2000 and higher or any version of Microsoft Windows NT, the 

user may have to be logged on as the "Administrator" or have the relevant permissions to modify the 'Sys-

tem' directory in order to install the necessary files. 

Note: do not allow Google Chrome to install software. Follow instructions as given below. 

 

                                                      

1
 Windows 8 seems to work as well but was not fully tested. 
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2.2.1. INSTALLATION INSTRUCTIONS FOR WINDOWS 7 

1. Unpack the zip file and browse to the installation folder.  Click “SETUP” to start the installation pro-
cedure. 

 

2. The Windows .NET framework is required to run the Pb BLM SSD normalization software properly.  
If you do not have this installed already, an installation screen for .NET 4 is presented. Click “AC-
CEPT” to start the .NET installation.  This will take a couple of minutes. 

3. After installation of .NET, the installation procedure for the Pb BLM SSD normalization tool is contin-
ued.   Click “NEXT”. 
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4. Select the installation folder and click “NEXT”.  If multiple users use the same computer (and would 
like to make use of the Pb BLM SSD normalization tool), check “EVERYONE”, to allow access to all. 
Click “NEXT” to start the installation. 

5. In case of warning messages, allow control to the BLM.msi (installation file) and click “YES”. 

6. After successful installation, a message is shown.  Click “CLOSE” to end the installation procedure.  

 

7. A shortcut has now been placed on your desktop, and a link was created from the programs folder. 
Click one of these to start the Pb BLM SSD normalization tool.  
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8. When first loading the program, a software check is performed. If asked to install components of the 
.NET 4 framework, click “YES” 

 
 

When asked to save the NDP451-KB2859818-web.exe,  click “RUN”. 

 

Click “YES” to allow the program to make changes to your computer. 
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9. Accept the license terms (checkbox) and click “INSTALL”. 

 

10. The extended .NET framework 4.5.1 is now installed.  

 

11. Click “FINISH” to complete the .NET installation.  You can now run the Pb BLM SSD normalization 
tool. 
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2.2.2. INSTALLATION INSTRUCTION FOR WINDOWS XP 

1. Unpack the zip file and browse to the installation folder.  Click “SETUP” to start the installation pro-
cedure. 

 

2. The Windows .NET framework is required to run the Pb BLM SSD normalization software properly.  
If you do not have this installed already, an installation screen for .NET 4 is presented. Click “AC-
CEPT” to start the .NET installation.  This will take a couple of minutes. 

3. After installation of .NET, the installation procedure for the Pb BLM SSD normalization tool is contin-
ued.   Click “NEXT”. 
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4. Select the installation folder and click “NEXT”.  If multiple users use the same computer (and would 
like to make use of the Pb BLM SSD normalization tool), check “EVERYONE”, to allow access to all. 

 
Click “NEXT” to confirm and start the installation. 

 

5. After successful installation a message is shown.  Click “CLOSE” to end the installation procedure.  
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6. A shortcut has now been placed on your desktop, and a link was created from the programs folder. 
Click one of these to start the Pb BLM SSD normalization tool.  

   

7. When first loading the program, a software check is performed. If asked to install components of the 
.NET 4 framework, click “YES” and select “INSTALL .NET 4”. 

 

 

8. You are now directed to the Microsoft website. Click “DOWNLOAD” to start the download.  Save the 
download file somewhere on your desktop. Read the installation instructions after download and in-
stall the downloaded application. 
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9. Accept the license terms (checkbox) and click “INSTALL”. 

 

10. The extended .NET framework is now installed.  

 

11.  Click “FINISH” to complete the .NET framework ‘ installation.  

 

 

12. You can now run the Pb BLM SSD normalization tool 
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2.3. UPDATES 

2.3.1. UPDATE OF THE ENTIRE SOFTWARE TOOL 

Before installing an updated version of the Lead BLM SSD normalization tool:  

Removing or updating the Pb BLM SSD normalization tool requires 2 steps.  First, remove the software tool, 

and second remove some files left by the software from your system.  

Use the Microsoft Windows removal functionality to deinstall previous versions of the Pb BLM SSD normali-

zation tool. 

 

2.3.1.1. WINDOWS XP 

- Start > settings > control panel > add or remove programs 

- Select the Lead BLM from the list and click “Remove” 

 

After deinstallation, go to the explorer and browse to you C:/ drive (or other drive where windows is in-

stalled). Select from the menu bar at the top: tools > folder options. 
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Select the second tab “VIEW” and check the radio button “show hidden files and folders”.  Press OK. 

 

In the C:/ directory, click on the folder “Documents and settings”.   Depending on the option you chose while 

installing the Pb BLM SSD normalization tool (Install for “Just Me” or “Everyone”), browse to the folder with 

your user name or access the folder “All users”, respectively.  

Select the correct folder and double click on the folder “Application data”, which was hidden before but is 

now visible. Inside this folder is a folder called PbBLM, which contains some data to run the tool. Remove 

the folder “PbBLM” to be able to run other versions.  
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You are now ready to install newer versions of the Pb BLM SSD normalization tool. 
 
 

 

2.3.1.2. WINDOWS 7 

- Start > control panel > Programs > uninstall program 

 

- Select the Lead BLM from the list and click “Uninstall” 

After deinstallation, go to the explorer and browse to you C:/ drive (or other drive where windows is in-

stalled). Select from the menu bar at the top: organise > folder options. 
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Select the second tab “VIEW” and check the radio button “show hidden files, folders and drives”.  Press OK. 

 

- In the C:/ directory, click on the folder “Program Data”; which is now visible. Inside this folder is a 

folder called PbBLM, which contains some data to run the tool. Remove the folder “PbBLM”.  

 

You are now ready to install newer versions of the Pb BLM SSD normalization tool. 
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2.3.2. UPDATE OF THE RAW EFFECTS DATABASE 

Please check the website http://www.leadBLM.com for recent updates of the standard raw effects database 

and new versions of the tool.  

The Lead BLM SSD normalization tool will always load the standard (default) raw effects database at start-

up. Any updates in the raw effects database (e.g. due to emergence of new effects data, risk assessment 

updates under REACH in the EU or other regulatory updates in national or international jurisdictions) will 

therefore result in a new version of the software tool. See above to learn how to update the software tool. A 

user can always amend the raw effects database following the instruction in section 3.2.1. However, it is 

strongly recommended that the tool is run with the standard (default) raw effects database as this reflects the 

most recent quality screened chronic effects data available on lead. In developing the standard raw effects 

database great care was taken to only include studies that met stringent quality criteria thus ensuring risk 

assessments are based upon the best available science. 

 

  

http://www.leadblm.com/
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3. WORKING WITH THE APPLICATION 

3.1. START 

To start the application, click the shortcut in Windows’ start menu “Lead BLM”. You will be presented with a 

splash screen, showing the version of the software and the raw effects database. 

 

After start-up, the home screen is presented, from where all input and simulation actions can be performed.  
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3.2. INPUT 

There are two main inputs to be provided in order for the tool to be able to run: raw effects data and target 

water data. Default databases are provided in the tool. 

 

3.2.1. RAW EFFECTS DATABASE 

The standard raw effects database is based on the latest version of available quality screened chronic ef-

fects data on lead.  

To review the data in the raw effects database, click the REVIEW tab. The data in the raw effects database 

is now displayed (species, reference, effect parameter, NOEC/EC10 value, physico-chemistry data).  

To change/edit the data in the raw effects database, click the UPDATE button. To be able to edit the data, 

the software works with a data template that needs to be saved locally before changes can be made. Edits in 

the Lead BLM SSD Normalization tool are not possible.   
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First, download the template by selecting “DOWNLOAD DATA STRUCTURE TEMPLATE” and save the ex-

cel file. This file contains the standard raw effects dataset. You can now edit, add or remove rows in this 

sheet in Microsoft Excel (or equivalent spreadsheet software). Do not add extra columns, as the software will 

not recognise these. Furthermore, changes to the column headers or units are not allowed. You can  

 remove data 

 add own data and extend the raw effects database with study results 

 edit existing entries.  

Please complete all fields in the Excel, as the tool cannot work with empty values. To prevent erroneous re-

sults when entering values equal to zero or 0 (the log scale is used for all input parameters), it is advised to 

put 1E-16. This will avoid calculation errors. 
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Header Unit Value Description 

Species   Text field Make sure the name of all species is written in exactly 
the same way. An exact match is obligatory to be able to 
run the tool. New species can be added. 

Taxonomic Group 

 

Text field Free text field 

Reference   Text field Free text field; biobiographic citation to the study that 
originally reported the data 

BLM model   Text field Each study record must be linked to a Pb bioavailability  
model: fish, algae, or daphnid. These 3 types are de-
fined in the database.  An exact match is obligatory to be 
able to run the tool. Therefore, one can select a bioa-
vailability model from the drop down list. Rotifer is 
available but currently not to be used. 

Effect Parameter   Text field Similarly, the effect parameters must be an exact match 
if the endpoint already exists in the database. Otherwise, 
it will be considered a new endpoint.  

Selected dis-
solved NOEC or 

EC10 

µg/L Numeric field This can either be NOEC or EC10. If available, prefer-
ence is given to EC10 over NOEC. 

Temperature °C Numeric field Please enter a number value between -10 and +30 °C.  
0 (zero) °C cannot be entered. Since the bioavailability 
models are based on a thermodynamic chemical equilib-
rium modelling framework, temperature measurements 
are important in determining the relevant thermodynamic 
reaction rates. 

pH   Numeric field Please enter a value > 0 and <14 
The chemical speciation of many metals is directly af-
fected by pH. pH is also important in determining the 
complexation of metals with dissolved organic matter, 
metalhydroxide complex formation and the speciation of 
inorganic carbon, which relates to the formation of metal 
carbonate complexes. 

DOC
2
 mg/L Numeric field Please enter a value > 0 

Dissolved organic matter (DOM) plays a critical role in 
determining metal speciation and bioavailability.  Com-

                                                      

2
 For DOM from natural origins (eg. natural water, tap water), it is assumed that DOM contains 50% carbon 

on a weight basis and 65% of the DOM is reactive and behaves as isolated Fulvic Acid (FA) (De Scham-
phelaere et al. 2014; Nys et al. 2014). Accordingly, the tool will automatically multiply the measured DOC 
content (mg C/L) (the one the user inputs into the tool) by a factor of 1.3 to obtain the amount of FA (mg 
FA/L) that is used for the speciation calculations. For test waters where isolated FA (eg. Suwanneer River 
Fulvic Acid) was added as DOM source, it is assumed that 100% of the DOM is reactive and behaves as 
isolated FA and that DOM contains 50% carbon on a weight basis. Subsequently, to obtain the amount of FA 
(mg FA/L) used for speciation calculations the measured DOC content (mg C/L) of isolated fulvic acid origin 
in the media should be multiplied by a factor of 1.91. However, the tool can at the moment not distinguish 
DOM of natural origin from DOM of isolated FA origin. Therefore, when DOM from isolated FA was present, 
the measured DOC content (mg/L) in the test water multiplied by 1.91 and divided by 1.3 was used as the 
DOC input in the tool . This DOC input value generates the correct FA concentration needed for the specia-
tion calculations in the Pb tool. 
Please note that test waters to which DOM from isolated Aldrich humic acid (HA) is added cannot be added 
to the raw effects database, since previous work suggested an overestimation of Pb toxicity by the chronic 
Pb BLMs due to an underestimation of the Pb binding to Aldrich HA by the NICA-Donnan model (Nys et al. 
2014) 
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plexation of Pb with DOM is modelled according to the 
NICA-Donnan formulation, which is incorporated in Vis-
ual Minteq 3.0. Preferably enter the measured dissolved 
organic carbon (DOC) concentration. If not available, 
default estimates can be used for certain types of wa-
ters (e.g. 0.5 mg/L for synthetic waters, 1.6 mg/L for tap 
water).  

Ca µmol/L Numeric field Please enter a value > 0 
The cation Ca is a necessary input to the bioavailability 
models. For some metals, Ca can directly compete with 
the metal at biotic ligand sites and this cation will, there-
fore, have a direct effect on predictions of metal toxicity. 

Mg µmol/L Numeric field Please enter a value > 0 
The cation Mg is a necessary input to the bioavailability 
models. Mg currently has no direct effect on Pb toxicity 
in the bioavailability models. However, concentrations 
are important for determining charge balance and ionic 
strength and Mg can directly compete with the metal for 
binding sites of the DOC. Measurements of Mg are pre-
ferred, but if not available the Mg concentrations can be 
estimated. 

Na µmol/L Numeric field Please enter a value > 0 
The cation Na is a necessary input to the bioavailability 
models. Na currently has no direct effect on Pb toxicity 
in the bioavailability models. However, concentrations 
are important for determining charge balance and ionic 
strength and Na can directly compete with the metal for 
binding sites of the DOC. Measurements of Na are pre-
ferred, but if not available the Na concentrations can be 
estimated. 

K µmol/L Numeric field Please enter a value > 0 
The cation K is a necessary input to the bioavailability 
models. K currently has no direct effect on metal toxicity 
in the bioavailability models and can be estimated if 
measurements do not exist. 

SO4 µmol/L Numeric field Please enter a value > 0 
The anion SO4 is a necessary input to the bioavailability 
models. In freshwaters, SO4 may be the dominant anion 
and is, therefore, important for determining charge bal-
ance and ionic strength. The chemistry of metals and of 
natural organic matter is dependent to varying degrees 
on ionic strength and so SO4 has some importance as a 
bioavailability models input. If measurements of SO4 are 
not available, the concentrations can be estimated. 

Cl µmol/L Numeric field Please enter a value > 0 
The anion Cl is a necessary input to the bioavailability 
models. It is preferable that only measured Cl concentra-
tions are used for bioavailability models applications but 
estimates can be used. 

MOPS mol/L Numeric field Please enter a value > 0 
3-[N-morpholino)propanesulfonic acid (MOPS) is a buff-
er to control pH that is used in some test media. It is a 
parameter that influences charge balance and ionic 
strength. The chemistry of metals and of natural organic 
matter is dependent to varying degrees on ionic strength 
and so MOPS has some importance as a bioavailability 
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models input. If MOPS was not added to the test medi-
um, set this parameter to a low value eg. 1E-16 mol/L

3
.  

MES mol/L Numeric field Please enter a value > 0 
2-[N-morpholino)ethanesulfonic acid (MES) is a buffer to 
control pH that is used in some test media. It is a pa-
rameter that influences charge balance and ionic 
strength. The chemistry of metals and of natural organic 
matter is dependent at varying degrees on ionic strength 
and so MES has some importance as a bioavailability 
models input. If MES was not added to the test medium, 
set this parameter to a low value eg. 1E-16 mol/L.  

DIC (CO3) µmol/L Numeric field Please enter a value > 0 
Inorganic carbon species in the bioavailability models 
include carbonate (CO3), bicarbonate (HCO3), and car-
bonic acid (H2CO3). The sum of these species is called 
dissolved inorganic carbon (DIC). 
DIC is a critical input to the bioavailability models since 
many metals form carbonate complexes. If measure-
ments of DIC are not available, it can be estimated from 
alkalinity and pH. 

 

Save the changes made to the document and upload the new raw effects data file by clicking “UPLOAD 

NEW DATA”. You can review your data afterwards.  

To restore the default raw effects database, exit the tool and restart.  

 

3.2.2. TARGET WATERS 

To review the data in the target water database, click the REVIEW tab. The data in the target water database 

is now displayed. At installation, 7 different European surface waters (5 rivers and 2 lakes) are included in 

the database as an example to normalize the toxicity data. These waters represent the seven EU ‘eco-

regions’ scenarios, which were selected to include a range of typical cases of bioavailability and to en-

compass the 10
th

 to 90
th

 percentile of the DOC, pH and hardness levels for European surface waters. 

The same ‘eco-regions’ were previously used in the risk assessments carried out for other metals (e.g. 

Cu EU VRAR (ECI, 2008); Ni EU RAR (DEPA, 2008)). The default  selected EU eco-regions include: 

Dutch ditch, River Otter (UK), River Teme (UK), river Rhine (Netherlands), river Ebro (Spain), Lake Monate 

(Italy) and a neutral-acidic lake in Sweden. Users  can, however, normalize to other target waters by editing 

the default target water data or adding new site-water data. 

                                                      

3 Please note that only chronic toxicity tests in MOPS or MES buffered media for algae are included in the 

database, because the data and bioavailability modelling suggest an exacerbation of Pb toxicity to C. dubia 
in the presence of this buffer (Nys et al., 2014). Furthermore, Esbaugh et al. (2013) suggested that MOPS 
and similar pH buffers may disrupt the fish gill micro-environment (P. promelas), potentially leading to phys-
iological stress and potentially explaining the increased toxicity of Pb. 
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To change/edit the data in the target water database, click the UPDATE button. To be able to edit the data, 

the software works with a data template that needs to be saved locally before changes can be made. Editing 

directly in the target water data window of the Lead BLM SSD Normalization tool is not possible.   

 

Download the template by selecting “EXPORT DATA STRUCTURE TEMPLATE” and save the Excel file. 

This file contains 7 standard European eco-regions. You can now edit, add or remove rows in this sheet in 

Microsoft Excel (or equivalent spreadsheet software). Do not add extra columns, as the software will not rec-

ognise these. Furthermore, changes to the column headers or units are not allowed. Save the changes 

made to the document and upload the new target water data file by clicking “UPLOAD NEW DATA”. You can 

review your data afterwards.  

Please complete all fields in the Excel, as the tool cannot work with empty values. To prevent erroneous re-

sults when entering values equal to zero or 0 (the log scale is used for all input parameters), it is advised to 

put 1E-16. This will avoid calculation errors. 

 

Header Unit Value Description 
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Header Unit Value Description 

Site name   Text field Free text field 

Temperature °C Numeric field Please enter a number value between -10 and +30 °C.  
0 (zero) °C cannot be entered. Since the bioavailability 
models are based on a thermodynamic chemical equilib-
rium modelling framework, temperature measurements 
are important in determining the relevant thermodynamic 
reaction rates. 

pH   Numeric field Please enter a value > 0 and <14 
The chemical speciation of many metals is directly af-
fected by pH. pH is also important in determining the 
complexation of metals with dissolved organic matter, 
metalhydroxide complex formation and the speciation of 
inorganic carbon, which relates to the formation of metal 
carbonate complexes. 

DOC
4
 mg/L Numeric field Please enter a value > 0 

Dissolved organic matter (DOM) plays a critical role in 
determining metal speciation and bioavailability.  Com-
plexation of Pb with DOM is modelled according to the 
NICA-Donnan formulation, which is incorporated in Vis-
ual Minteq 3.0. Preferably enter the measured dissolved 
organic carbon (DOC) concentration. If not available, 
default estimates can be used for certain types of wa-
ters (e.g. 0.5 mg/L for synthetic waters, 1.6 mg/L for tap 
water).  

Ca µmol/L Numeric field Please enter a value > 0 
The cation Ca is a necessary input to the bioavailability 
models. For some metals, Ca can directly compete with 
the metal at biotic ligand sites and this cation will, there-
fore, have a direct effect on predictions of metal toxicity. 

Mg µmol/L Numeric field Please enter a value > 0 
The cation Mg is a necessary input to the bioavailability 
models. Mg currently has no direct effect on Pb toxicity 
in the bioavailability models. However, concentrations 
are important for determining charge balance and ionic 
strength and Mg can directly compete with the metal for 
binding sites of the DOC. Measurements of Mg are pre-
ferred, but if not available the Mg concentrations can be 
estimated. 

Na µmol/L Numeric field Please enter a value > 0 
The cation Na is a necessary input to the bioavailability 
models. Na currently has no direct effect on Pb toxicity 
in the bioavailability models. However, concentrations 
are important for determining charge balance and ionic 
strength and Na can directly compete with the metal for 
binding sites of the DOC. Measurements of Na are pre-
ferred, but if not available the Na concentrations can be 

                                                      

4
 For DOM from natural origins (eg. natural water, tap water), it is assumed that DOM contains 50% carbon 

on a weight basis and 65% of the DOM is reactive and behaves as isolated Fulvic Acid (FA) (De Scham-
phelaere et al. 2014; Nys et al. 2014). Accordingly, the tool will automatically multiply the measured DOC 
content (mg C/L) (the one the user inputs into the tool) by a factor of 1.3 to obtain the amount of FA (mg 
FA/L) that is used for the speciation calculations.  
 



 

32 LEAD BLM SSD NORMALIZATION TOOL 
 

Header Unit Value Description 

estimated. 

K µmol/L Numeric field Please enter a value > 0 
The cation K is a necessary input to the bioavailability 
models. K currently has no direct effect on metal toxicity 
in the bioavailability models and can be estimated if 
measurements do not exist. 

SO4 µmol/L Numeric field Please enter a value > 0 
The anion SO4 is a necessary input to the bioavailability 
models. In freshwaters, SO4 may be the dominant anion 
and is, therefore, important for determining charge bal-
ance and ionic strength. The chemistry of metals and of 
natural organic matter is dependent to varying degrees 
on ionic strength and so SO4 has some importance as a 
bioavailability models input. If measurements of SO4 are 
not available, the concentrations can be estimated. 

Cl µmol/L Numeric field Please enter a value > 0 
The anion Cl is a necessary input to the BLM. In fresh-
waters, Cl may be the dominant anion and is, therefore, 
important for determining charge balance and ionic 
strength. The chemistry of metals and of natural organic 
matter is dependent to varying degrees on ionic strength 
and so Cl has some importance as a BLM input. It is 
preferable that only measured Cl concentrations are 
used for BLM applications but estimates can be used. 

CO3 (DIC) µmol/L Numeric field Please enter a value > 0 
Inorganic carbon species in the BLM include carbonate 
(CO3), bicarbonate (HCO3), and 
carbonic acid (H2CO3). The sum of these species is 
called dissolved inorganic carbon (DIC). 
DIC (CO3) is a critical input to the BLM since many met-
als form carbonate complexes. If measurements of DIC 
are not made in natural water samples, it can be esti-
mated from alkalinity. 

 

 

3.2.3. DATA INPUT 

It is also possible to upload data to the tool, if you already have the Excel templates on your computer. The 

menu on the top of the screen enables you to upload datasets for raw effects and target waters.  Click “DA-

TA” and select “IMPORT”.  Browse to the files on your computer and click “OPEN”.  
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Similarly, you can export the standard datasets already in the application, for target water and raw effects, by 

selecting “DATA” from the menu bar and choosing “DOWNLOAD”. The original datasets are each time re-

loaded after a new startup. 

 

 

3.3. RUNNING THE TOOL 

You can estimate lead ecotoxicity with the standard datasets for raw effects and EU standard waters, or im-

port your own raw effects data set and non-standard or site-specific waters (see chapters above). This 

process is called “normalization”. To run the tool, click the “Normalise data and run SSD”-button on the top 

right of the main screen. The tool will then normalise the raw effects database to the target water, fit the log 

normal and various other probability distribution models to the data, construct  the species sensitivity distri-

bution (SSD) and calculate the HC5 (hazardous concentration at 5%) for each target water. 

 

3.4. OUTPUT 

A new screen appears, where you can follow the calculation progress. Depending on the processor, the 

normalization for one site takes about 1 minute. Each target water is now calculated separately. Results are 

displayed for the best fitting distribution (see section 4.3) and the lognormal distribution.  

 

Afterwards, a tab is created for each site/target water on the left side. You can access the results by select-

ing your target water.  

 

3.4.1. GRAPHICAL OUTPUT 
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For each site, the best fitting distribution and lognormal distribution is displayed. The Anderson-Darling (AD) 

statistic indicates the goodness-of-fit: the lower the AD-statistic, the better the fit. The best fitting distribution 

has the lowest AD-statistic and is therefore the best fitting distribution possible. For the lognormal distribu-

tion, the acceptance level at 5% is also indicated. For the best fitting distribution, the acceptance level is not 

indicated (due to lack of algorithms for each distribution): it is most of the time accepted and if not accepted, 

the best fitting distribution is still the best available distribution that fits the data. 

For each distribution, the mean, standard deviation (or relevant fitting parameters) and HC5,50 with 90% con-

fidence interval (HC5,5 and HC5,95), are calculated.  The HC5,50 is the 5th percentile of the probability 

distribution and is called the Hazardous Concentration at 5%. It is calculated as the median of the sampling 

uncertainty distribution (of the 5th percentile) following EU Guidance on derivation of HC5 (ECHA, 2008). A 

graph (log scale) displays the separate geometric means of bioavailability-normalized EC10s/NOECs for each 

species (only most sensitive endpoint per species) and the two distributions (lognormal and best fit). The 

Anderson-Darling statistics (as well as the graphical display) indicate if the fitted distribution is accepted and 

whether the lognormal distribution takes precedence on the best fit distribution. Fitting is conducted on the 

log transformed EC10s/NOECs. 

You have the possibility to export the plot and the results data file, by clicking on the buttons on the bottom of 

the screen. 
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3.4.2. DESCRIPTION OF THE OUTPUT EXCEL FILE 

The excel output file shows the results for each target water, row by row.  Distribution parameters for the 

lognormal (columns C until I) and Best Fit (= the best fitting distribution) (columns J until S) are displayed, 

together with 1 or 2 additional parameters, depending on the best fitting distribution.  

In addition, the selected geometric mean of bioavailability-normalized EC10/NOEC of the most sensitive 

endpoint for each species is displayed.  

 

 

4. DATA REQUIREMENTS AND ASSUMPTIONS 

4.1. DATA REQUIREMENTS 

The bioavaiability models predict metal toxicity and speciation for a particular site based on the ambient wa-

ter quality. Therefore, the physical and chemical properties of the site water are required. In order to provide 

the range of water chemistry to which the lead BLM SSD normalization tool can be applied, the range of pa-

rameter values is defined in the application. Please verify if the input water chemistry parameter values are 

within the ranges within which the tool will work. The acceptable ranges of input parameters for the tool to 

run are shown below, but note that these are not boundaries in which bioavailability models were validated 

for relevancy to field conditions.:  

PARAMETER  LOWER BOUND  UPPER BOUND  

Temperature (
°
C)  -10  +30  

pH  1E-10 14  

DOC (mg/L) – dissolved organic carbon 1E-10 -  

Calcium (mol/L)  1E-10 -  

Magnesium (mol/L)  1E-10 -  

Sodium (mol/L)  1E-10 -  

Potassium (mol/L)  1E-10 -  

Sulphate (mol/L)  1E-10 -  

Chloride (mol/L)  1E-10 -  

Carbonate (mol/L)  1E-10  -  

DIC (mmol/L)  - dissolved inorganic carbon 1E-10 -  

NOEC/EC10 (mol/L)  1E-10  -  
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Please note that values = 0 (zero) can produce unreliable HC5 results. Therefore, values equal to 0 are not 

allowed in the tool. 

The Pb bioavailability models have been developed and validated for water chemistry ranges that are criti-

cally important for Pb bioavailability normalization (notably Ca & pH). Different validation ranges apply to the 

different models (see below). Normalizations of Pb toxicity of test waters or to target waters outside these pH 

and Ca water chemistry ranges should be interpreted with care.  

Parameter 

BLM 

Fish
a
  Alga

b
  C. dubia

c
 

pH 6.3-8.2 6.0-8.0 6.1-8.5 

Ca (mM) 0.09-2.1 0.12-3.0 0.09-5.1 

a
 De Schamphelaere et al. (2010) 

b 
De Schamphelaere et al. (2014) 

c
 Nys et al. (2014) 

 

4.2. SPECIATION MODEL 

The Visual Minteq 3.1 software is an available speciation software that allows in a single framework the cal-

culation of formation of inorganic Pb complexes (using the default thermodynamic stability constants 

available in the software), complexes of Pb with humic acid (HA) and fulvic acid (FA), and precipitation of 

minerals (e.g. Pb(OH)2(s), cerrusite, and hydrocerrusite). Complexation of Pb with dissolved organic matter 

(DOM), i.e. with HA and FA, was modelled according to the NICA-Donnan formulation, which is incorporated 

in Visual MINTEQ 3.1 (http://vminteq.lwr.kth.se/). All default parameter values as described in Milne et al. 

(2001, 2003) are used. In all cases we assumed that DOM contains 50% carbon on a weight basis. For DOM 

from natural sources (e.g. tap water, surface water) we assumed that 65% of the DOM is reactive and be-

haves as isolated FA, with the remaining 35% of the DOM content not being reactive. Accordingly, the tool 

automatically multiplies the measured DOC content (mg C/L) for natural sources by a factor of 1.3 to obtain 

the amount of FA (mg FA/L) to be used as the modelling input. Several pieces of research on predicting 

metal binding to DOM in natural waters - with different descriptions of metal-DOM interactions (NICA-

Donnan, WHAM) - have shown that assumptions between 60% and 70% active fulvic acid typically work best 

for natural waters (Tipping, 2002). Thus, 65% can be regarded as a reasonable average assumption. Fur-

thermore, measured free ionic Pb
2+

 concentrations > 1 nmol/L in metal contaminated natural waters were 

rather accurately predicted using both NICA-Donnan and WHAM VI with this assumption (UKEA, 2008). Yet, 

it should be recognised that this notion is based on very few data and that the calibration of the NICA-

Donnan model parameters is typically based on datasets with pH<7 and total Pb concentrations > 1 µmol/L.  
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Ideally, more data are needed, in the ranges of chemistry and Pb concentrations that are relevant for ecotox-

icological effects, in order to increase the confidence in Pb speciation calculations in the presence of 

(natural) DOM. Here, however, we have currently no other option than to rely on the default calibrated NICA-

Donnan model as they are published and integrated in Visual MINTEQ 3.1.  

For test waters where isolated FA was added as DOM source, it is assumed that 100% of the DOM was re-

active and behaves as isolated FA. Additionally, it is assumed that isolated FA contains 52.44% carbon on a 

weight basis (based on the certificate delivered with standard SRFA).  Accordingly, for DOM from isolated 

FA origin the measured DOC content (mg C/L) is multiplied by a factor of 1.91 to obtain the amount of FA 

(mg FA/L) used as the modeling input (see Section 3.2.1 for the details of how this is implemented in the 

tool). The above assumptions, for both DOM of natural and isolated origin, were also used for the develop-

ment of the chronic Pb bioavailability models (De Schamphelaere et al. 2010; Esbaugh et al. 2012; Nys et al. 

2014; De Schamphelaere et al. 2014) were used. 

       

All model development and validation was based on measured filtered concentrations of Pb, operationally 

defined as the Pb passing through a 0.45 µm filter, which is generally accepted by regulatory and scientific 

communities as a cut-off for dissolved metals.  Yet, it is possible that not all filtered Pb is ‘truly dissolved’ be-

cause colloidal precipitates of Pb minerals may be present in the test solutions. However, in the absence of 

any measured data of the presence of such colloidal precipitates, it is for modelling purposes (i.e. model de-

velopment and validation) assumed that this does not occur and that all filtered Pb is truly dissolved and can 

interact with dissolved ligands (e.g. DOC) in the medium. Thus, the filtered Pb concentration is used as both 

the input and the output of the bioavailability models. This is achieved by setting the Visual MINTEQ soft-

ware not to allow the formation of precipitates during the equilibrium speciation calculations. Finally, all 

equilibrium speciation calculations and toxicity modelling assume that test media are at equilibrium.  

 

4.3.  PROBABILITY DISTRIBUTIONS (ASSESSED FOR THE BEST FITTING DISTRIBUTION) 

The Pb BLM SSD normalization tool returns calculated HC5s for the lognormal and the best fitting distribu-

tion.  Below are the different options with a short explanation of the parameters. 

 

Normal 

The normal distribution refers to a family of continuous probability distributions described by the normal 

equation. The normal distribution is defined by the following normal equation:  

Y = { 1/[ σ * sqrt(2π) ] } * e
-(x - μ)2/2σ^2 

where X is a normal random variable, μ is the mean, σ is the standard deviation, π is approximately 3.14159, 

and e is approximately 2.71828.  
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The random variable X in the normal equation is called the normal random variable. The normal equation is 

the probability density function (PDF) for the normal distribution. 

Parameters: mean μ (location) and variance σ² (squared scale). The cumulative distribution function (CDF) is 

described by the following equation (erf = error function): 

CDF: 
1

2
+

1

2
erf[

𝑥−𝜇

√2𝜎
] 

From the mean and the variance of the sample data the Normal distribution, the PDF and CDF can be calcu-

lated. 

 

Lognormal 

In probability theory, a log-normal (or lognormal) distribution is a continuous probability distribution of a ran-

dom variable whose logarithm is normally distributed. Thus, if the random variable X is log-normally 

distributed, then Y = loge(X) has a normal distribution. Likewise, if Y has a normal distribution, then X = 

exp(Y) has a log-normal distribution. A random variable which is log-normally distributed takes only positive 

real values. 

Parameters: mean μ (log-scale) and variance σ² (shape) 

CDF: 
1

2
+

1

2
erf[

ln 𝑥−𝜇

√2𝜎
] 

The Loge of the sample data, the mean and the variance of this new data set is calculated. This is used to 

calculate the LogNormal distribution. 

 

Exponential 

Parameters: rate λ (inverse scale) 

CDF: 1 − 𝑒−𝜆𝑥 

From the mean of the sample data we calculate λ. 

 

Logistic 

The logistic distribution is a continuous probability distribution. Its cumulative distribution function is the lo-

gistic function. It resembles the normal distribution in shape but has higher kurtosis. The logistic distribution 

is obtained by setting λ to zero. 

Parameters: location  μ and scale s 

CDF: 
1

1+𝑒
−
𝑥−𝜇
𝑠

 

The distribution was fit using MLE, the maximum-likelihood estimation. 



 

LEAD BLM SSD NORMALIZATION TOOL 39 
 

 

Cauchy 

The Cauchy distribution is a continuous probability distribution. It is also known as the Lorentz distribu-

tion. Parameters: location x0 and scale γ 

CDF: 
1

𝜋
arctan (

𝑥−𝑥0

𝛾
) +

1

2
 

The distribution was fit using MLE, the maximum-likelihood estimation. 

 

Weibull 

The Weibull distribution is a continuous probability distribution. The Weibull distribution is related to a num-

ber of other probability distributions; in particular, it interpolates between the exponential distribution (k = 1) 

and the Rayleigh distribution (k = 2).  

Parameters: scale λ and shape k 

CDF:  

0   if x<0 

1 − 𝑒−(
𝑥

λ
)𝑘  if x≥0 

The distribution was fit using MLE, the maximum-likelihood estimation. 

 

Rayleigh 

The Rayleigh distribution is a continuous probability distribution for positive-valued random variables. A Ray-

leigh distribution is often observed when the overall magnitude of a vector is related to its directional 

components.  

Parameters: scale α and location η 

CDF: 1 − 𝑒
−(𝑥−𝜂)²

2𝛼²  

The distribution was fit using the L-Moments. 

 

Gamma 

The gamma distribution is a two-parameter family of continuous probability distributions.  

Parameters: shape α and rate β. both parameters are positive real numbers. 
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CDF: 
1

Γ(α)
𝛾(𝛼, 𝛽𝑥) 

The distribution was fit using the L-Moments. 

 

Gumbel 

The Gumbel distribution is a particular case of the generalized extreme value distribution and is also known 

as the log-Weibull distribution and the double exponential distribution (a term that is alternatively sometimes 

used to refer to the Laplace distribution).  

Parameters: scale α and location η 

CDF: 𝑒−𝑒
−(𝑥−𝜂)/𝛼

 

The distribution was fit using the L-Moments. 

 

  



 

LEAD BLM SSD NORMALIZATION TOOL 41 
 

5. REFERENCES 

De Schamphelaere, K.A.C. (2010). Development and validation of biotic ligand model for chronic toxicity of 
Pb to fish and invertebrates. Report prepared for ILZRO, Durham, NC, USA. 

De Schamphelaere KAC, Nys C, Janssen CR. (2014). Ecotoxicity of lead (Pb) to freshwater green algae: 
development and validation of a bioavailability model and inter-species sensitivity comparison. Aquatic toxi-
cology 155: 348-359.  

DEPA, (2008). European Union Risk Assessment Report (EU RAR) of nickel and nickel compounds pre-
pared by the Danish Environmental Protection Agency (DEPA). 

Di Toro D, Allen HE, Bergman HL, Meyer JS, Paquin PR and Santore RC (2001). Biotic ligand model of the 
acute toxicity of metals. 1. Technical Basis. Environmental toxicology and chemistry, vol 20 (10): 2383-2396. 

ECHA, 2008. Guidance on information requirements and chemical safety assessment. Chapter R.10: Char-
acterisation of dose [concentration]-response for environment. Downloaded on 8/9/2014 from 
http://echa.europa.eu/documents/10162/13632/information_requirements_r10_en.pdf European Chemicals 
Agency, Helsinki, Finland. 

ECI, 2008. European Union Voluntary risk assessment report (EU VRAR) of copper and copper compounds 
submitted to the European Chemicals Agency by the European Copper Institute (ECI). 

Esbaugh AJ, Brix KV, Mager EM, Grosell M. (2011). Multi-linear regression models predict the effects of wa-
ter chemistry on acute lead toxicity to Ceriodaphnia dubia and Pimephales promelas. Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology. Volume 154, Issue 3, September 2011, 
Pages 137–145 

Esbaugh AJ, Brix KV, Mager EDM, De Schamphelaere K and Grosell M (2012). Multi-linear regression anal-
ysis, preliminary biotic ligand modeling, and cross species comparison of the effects of water chemistry on 
chronic lead toxicity in invertebrates. Comp Biochem Physiol C 155: 423-431. 

Esbaugh AJ, Mager EM, Brix KV, Santore R, Grosell M. 2013. Implications of pH manipulation methods for 
metal toxicity: not all acidic environments are created equal. Aquatic toxicology, 130-131, p 27-30. 

Grosell M, Gerdes R, Brix KV. 2006. Influence of Ca, humic acid and pH on lead accumulation and toxicity in 
the fathead minnow during prolonged water-borne lead exposure. Comp Biochem Physiol C 143:473–
483.Mager EM, Brix KV, Gerdes RM, Ryan AC and Grosell M (2011a). Effects of water chemistry on the 
chronic toxicity of lead to the cladoceran, Ceriodaphnia dubia. Ecotox Environ Saf 74: 238-243. 

Mager EM, Esbaugh AJ, Brix KV, Ryan AC and Grosell M (2011b). Influences of water chemistry on the 
acute toxicity of lead to Pimephales promelas and Ceriodaphnia dubia. Comp Biochem Physiol C 153:82-90. 

Nys C, Janssen CR, Mager EM, Esbaugh AJ, Brix KV, Grosell M, Stubblefield WA, Holtze K and De Scham-
phelaere, KAC (2014). Development and validation of a biotic ligand model for predicting chronic toxicity of 
lead (Pb) to Ceriodaphnia dubia. Environmental toxicology and chemistry, vol 33 (2): 394-403. 

OECD (1992). Report of the OECD workshop on the extrapolation of laboratory aquatic toxicity data to the 
real environment. OECD Environment Monographs 59. OECD, Paris, France. 

Tipping. 2002. Cation Binding by Humic Substances 2002 (Cambridge University Press: Cambridge, UK). 

United States Environmental Protection Agency. 2007.Aquatic life ambient freshwater quality criteria- Cop-
per. USEPA, Washington DC. 

Van Sprang PA, Verdonck FAM, Van Asche F, Regoli L, De Schamphelaere KAC. 2009. Environmental risk 
assessment of zinc in European freshwaters: A critical appraisal. Sci. Total Environ.407:5373-5391. 

 

 


