THE BIOTIC LIGAND MODEL: PREDICTING METAL TOXICITY TO FISH IN THE REAL WORLD
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Introduction
Historically, ambient water quality criteria (AWQC) for metals have been based simply on total metal levels in the water, or more recently on dissolved metal levels. This occurred despite a wealth of physiological and toxicological research dating back to early in the previous century which demonstrated that the biovailability and toxicity of metals to aquatic organisms is dependent on site-specific water chemistry factors such as hardness, salinity, specific ion levels, pH, alkalinity, and dissolved organic matter (DOM, earlier referred to as dissolved organic carbon, DOC). The Biotic Ligand Model (BLM) is a relatively new computational approach for the generation of AWQC that incorporates these influences in a quantitative manner, thereby replacing insensitive and inefficient “blanket” regulations. The BLM procedure has been provisionally accepted by the U.S.EPA for the generation of acute freshwater AWQC for some metals (copper, silver), and is under various stages of review by other regulatory agencies (EU, Canada, Australia/New Zealand, Chile).  BLMs for many other metals are currently under development, and the ultimate goal is to generate chronic and estuarine-marine AWQC as well.

The BLM approach integrates basic principles in physiology, aquatic geochemistry, and toxicology, using the known water chemistry and the experimentally determined binding constants of key “toxic” sites (physiological processes) on the receptor surface (biotic ligand) of the organism to predict the metal load causing a defined toxic endpoint (e.g., 96-h mortality).  The historical framework of the BLM has been comprehensively reviewed in a treatise by Paquin et al. (2002), which served as the introduction to a compendium of BLM-related papers occupying a whole journal issue to which the reader is referred (Comparative Biochemistry and Physiology 133C, 2002). Niyogi and Wood (2003) have detailed the conceptual basis of the BLM, and a number of organism-related issues (acclimation to different water hardness and sublethal waterborne metal levels, dietary ion and metal levels) which affect the predictions of the BLM. McGeer et al. (2000) provided an example of a physiologically-based BLM for the prediction of the acute toxicity of silver to freshwater rainbow trout. 

Theory

The BLM assumes that the free cationic forms of metals are the source of acute toxicity, that these do their toxic damage by binding on or in the gill surface, and that the extent of short-term gill metal binding (i.e., before pathology develops at 3 h or 24 h) is directly predictive of longer term mortality (e.g., at 96 h). The greater the binding affinity of a metal for the gill (i.e., the higher the log K value), the greater the toxicity (Fig. 1).
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Figure 1.  Relationship between 96-h LC50 and log K values for rainbow trout in Lake Ontario water

Based on fish gill research, these “toxic” sites appear to fall into three categories: active Na+ uptake sites targeted by silver and copper, resulting in hyponatremia and hypochloremia; active Ca2+ uptake sites targeted by zinc, cadmium, lead, and cobalt, resulting in hypocalcemia; and allergic reaction sites targeted by nickel, resulting in gill edema and associated inhibition of respiratory gas exchange (Fig. 2). 
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Figure 2.  Model of toxic action of metals at three different sites in the freshwater fish gill, with associated log K values for protective cations.  Possible complexing anions are also shown.

A variety of water chemistry factors can protect against metal binding to these sites either by cationic competition (e.g., Ca2+, Mg2+, Na+, H+), or by anionic complexation (e.g., OH-, HCO3-, CO3=, Cl-, thiosulfate, chromium reducible sulfide, and most importantly DOM) of the cationic metal, thereby preventing it binding to the toxic sites.  In addition, these naturally occurring cations and can interact among themselves. Based on the concentrations of all moieties present, the geochemical stability constants governing all relevant reactions, including those with the toxic sites on the biotic ligand itself, and the experimentally determined relationship between short term metal binding and longer term toxicity, the BLM predicts the ultimate outcome for any given metal level in a particular water quality. Therefore, the BLM incorporates competition, complexation, and concentration (the “three Cs”) into a geochemical modelling framework that includes the organism itself.  Advantages of the BLM are economy and speed, the minimization of animal testing, and the ability to generate AWQC which are site-specific (i.e., cognizant of receiving water chemistry).
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