Appendix B: Toxicity Literature Review


Appendix B.

Literature Review: 

 Toxicity Effects of Zinc, Cadmium, and Lead on Aquatic Biology in the Blue River Watershed.
Prepared For: 

Mr. Lane Wyatt, 

Summit Water Quality Committee,

P.O. Box 2308

Silverthorne, CO 80498.

Prepared By: 

William A. Walsh, Ph.D.

Nicole McRury, Ph.D. 

Walsh Aquatic Consultants, Inc.,

9560 Carr Street, 

Westminster, Colorado 80021.

April 13, 2003
B1.  Introduction. 

At least one quarter of 3rd and 4th order streams in Colorado are moderately to severely impacted with metals from historical and current mining operations (Clements et al. 2000).  The geographic scope of this UAA includes French Gulch from above the Wellington-Oro Mine site and the Blue River from just above the confluence with French Gulch almost to Dillon Reservoir.  The Wellington-Oro mining complex was a lode mine and mill operation from the late eighteen hundreds until the 1930’s, with some additional mining in the 1970’s.  Placer mining techniques, especially floater placer dredges in the streambeds, were used in French Gulch and the Blue River from the mid 1800’s until the 1940’s.  Placer mining activities removed alluvial valley material, leaving behind piles of boulders, cobbles and gravel.

French Gulch and the Blue River still receive metal loadings in both ground and surface water from mill tailings, roaster fines, and mine waste rock near the Wellington-Oro mine site (Morrissey 1995). Further, the aquatic habitat of French Gulch was entirely eliminated, and flows were rerouted, by historic dredge mining operations. Trout populations have been eliminated and aquatic benthic communities have been reduced in French Gulch downstream of the Wellington-Oro Mine Site due to acutely toxic levels of trace metals (primarily D-Zn and cadmium) originating from this site, and also from the elimination of aquatic habitat (USEPA 2002).  Similarly, reduced trout numbers in the Blue River, below the confluence with French Gulch, is likely associated with metal toxicity and poor aquatic-habitat conditions.
Upstream from the Wellington-Oro Mine site, water quality and undisturbed habitat support a healthy population of Colorado River cutthroat, as well as benthic invertebrates (USGS 2002).  Thus, the Colorado Division of Wildlife is concerned that clean up of water quality and improved habitat in French Gulch would result in the migration of nonnative fish species into the cutthroat habitat, thereby reducing their viability. 

Future water quality in this segment will be technology-based and dependent upon the CERCLA remediation.   For these reasons, both the CERCLA remediation of the Wellington-Oro Mine site and the UAA will limit improvements in French Gulch to substantial improvements in water quality from the mine water treatment facility.  There currently is no plan or financial means to repair the aquatic habitat of French Gulch. Blue River sites, on the other hand, will be evaluated to determine its full aquatic-life potential, including both water-quality and aquatic-habitat considerations.  This stream segment is also an unnatural stream containing placer dredge cobbles, a mortared- in-place kayak course, manmade stream-hydraulic features, a wastewater treatment plant discharge, and a significant interaction (gains/losses) with the alluvial groundwater system. 

B2. Report Objectives

An objective of this UAA is to review the scientific literature on the toxic effects of metals on aquatic communities, including fish species and macroinvertebrates. We investigated factors that influence toxic effects of these metals, including water hardness, alkalinity, pH, dissolved organic carbon (DOC), exposure duration, organism life stage or size, and species.  Data on acute and chronic effects of chemicals of particular concern (zinc, lead, and cadmium) on aquatic biota were summarized, and compared to current EPA ambient water quality criteria (AWQC) and site-specific standards set by the Colorado Department of Public Health and Environment. The primary objectives of this report are to: 

· Provide a comprehensive literature review on the effects of zinc, lead and D-Cd on aquatic biota, including trout and macroinvertebrates. 
· Make recommendations for site-specific classifications and standards for use in upcoming water-quality rulemaking hearings involving selected trace-metals conditions and associated targets in the Blue River downstream from French Gulch by the D-CDPHE’s Water Quality Control Commission (scheduled for July 2003). 
· Evaluate existing physical habitat conditions in both French Gulch and the Blue River, including seasonal streamflows, aquatic habitat, and substrates.
· Evaluate the existing aquatic communities in terms of both trout populations and macroinvertebrate communities in French Gulch and the Blue River; 
· Identify the potential aquatic communities that can be expected to exist if water quality conditions improve.
· Evaluate current and/or realistic aquatic life uses for both French Gulch and the Blue River.
B3. Methods and Data Sources.

We incorporated data on acute and chronic toxicity reference values for a range of organisms, including fish and invertebrate taxa that may exist at the sites of interest.  If sufficient data is available, then site-specific criteria can be developed with EPA’s recalculation procedure (as described in Appendix L to the Water Quality Standards Handbook). We concentrated on toxicity values for aquatic organisms that are found in the Rocky Mountain streams, or are closely taxonomically related to these organisms.  Acute and chronic values of aquatic organisms were obtained from recent toxicity tests conducted by the Colorado Division of Wildlife (CDOW), research conducted on the effects of metals on aquatic communities through Colorado State University, and other published works.  CDOW tests were primarily using a one-at-a-time approach with single test species and single metals, while other literature included estimated LC50
 values from microcosm tests conducted on benthic communities with metal mixtures. Thus, acute and chronic values from these sources need to be interpreted with caution. These toxicity values were summarized so that they can be compared to site-specific metal concentrations in water, after adjustment for hardness, to demonstrate the magnitude of the potential effects of metals on aquatic biota
.

Also, we report acute and chronic toxicity reference values (TRV’s) for a variety of benthic receptors (fish and invertebrates) that were already summarized from AWQC documents prepared by the EPA in the Ecological Risk Assessment for French Gulch/Wellington-Oro Mine Site (USEPA 2002).   Acute LC50’s were back calculated from TRV’s presented in the ERA (LC50=TRV*2) to better compare with LC50 values obtained from other literature sources.  Also, in the ERA, TRV values were normalized to a hardness of 60 mg/L and compared to water concentration standards at sites of interest that were also adjusted to 60 mg/L water hardness.  This value of 60 mg/L water hardness was selected since it is the approximate average water hardness of reference sites in French Gulch and in the Blue River upstream of the French Gulch confluence (USEPA 2002).  While this values does not reflect site-specific hardness or seasonal fluctuations in hardness for sites in Blue River segments 1, 2, 10, or 11, this a conservative estimate of what water conditions might be after improvements to water quality and/or aquatic habitat. 

Additional toxicity values for lotic
 taxa of interest were collected from EPA’s online ECOTOX (AQUIRE) database (http://www.epa.gov/cgi-bin/ecotox_search).  Only replicated laboratory and field experiments were selected, and endpoints searched were mortality, growth, and reproduction.  Toxicity vales (e.g. LC50’s) are reported in terms of total, rather than dissolved, metals.  Where possible, hardness is also reported.

The UAA Physical and Biological Assessment was prepared using data from existing databases.  Numerous studies by State, Federal and private groups have been undertaken to identify impacts to aquatic communities of French Gulch and the Blue River.  The majority of the Physical and Biological Assessment data was obtained from the Ecological Risk Assessment for the French Gulch/Wellington-Oro Mine (USEPA, 2002).   In addition, studies conducted by the Colorado Division of Wildlife (CDOW), the CDPHE, the Northwest Colorado Council of Governments (NWCCOG), were reviewed and evaluated in-terms of physical habitat suitability and existing aquatic biota of French Gulch and the Blue River.
B4 Water Quality and Toxicity Definitions

B4.1 Total and Dissolved Metal Fractions

Zinc, cadmium, and lead, collectively termed metals, can exist in surface water in many different chemical forms.  Metals can be in a freely dissolved ionic state, or they can be dissolved as complexes with inorganic and organic matter.  Metals can form colloids
 in the water, or they can be attached to particulate matter. The relative fractions of these metal forms depends on water quality parameters including temperature, pH, DOC, dissolved oxygen and oxidation-reduction potential
 (REDOX). 

As metals can exist in both solution or in a particulate form, two types of analysis are used for measurement in aquatic systems. Total recoverable metals measures both the dissolved and particulate fractions of the metals in an unfiltered, acidified water sample, while dissolved metals measures only the dissolved fraction of the metal in a water sample that has been filtered through a 0.45 micron filter (U.S. EPA, 1983).   Under U.S. EPA guidelines for compliance with water quality standards, measurements of dissolved metals more closely approximates the fraction of metals in the water column that is available to aquatic organisms. Therefore, measuring metals as dissolved fractions gives a more accurate estimate of the potential biological effects of metals.  In addition, dissolved methods are also similar to the exposure conditions used in toxicity tests (U.S. EPA, 1993), allowing for better comparisons between standard toxicity tests and field studies. Total or particulate metals in sediments also contribute to overall toxicity to organisms, and metal concentrations in sediment have been shown to be much higher than aqueous concentrations (Harrahy and Clements 1997).  However, for the purpose of this literature review, we only focused on aqueous metal concentrations since federal and state standards are primarily aquatic. 

B4.2 Colorado State Water Quality Standards 

The U.S. EPA has developed extensive literature on toxicity to develop the regulatory standards for specific metals and other hazardous materials, for the protection of aquatic life (U.S. EPA, 1985).   These ambient water quality criteria (AWQC) are threshold concentrations that are designed to be protective of many different aquatic species under a variety of water quality conditions (U.S. EPA, 1986). The Colorado Department of Public Health and the Environment Water Quality Control Division is the responsible agency for overseeing programs concerning non-point source pollution in Colorado’s aquatic environments.  This includes the French Gulch Non-point Source Project initiated in 1990. 

The WQCC, as a regulatory authority, has adopted acute and chronic table value standards (TVS).   Regulations state that numeric acute or chronic standards may not be exceeded more than once in a three-year period.  Because of hardness-dependent relationships with D-Zn, D-Cd, and D-Pb toxicity, the water quality criteria (TVS) for these metals are always expressed as a function of water hardness.  As indicated, criteria for hard waters (high hardness) tend to be higher than criteria for soft waters (low hardness). An objective of this UAA is to compile available literature on toxicity of metals to potential ecological receptors (primarily trout and invertebrates) for comparison with AWQC and state standards and water quality conditions in French Gulch and Blue River sites.   Water quality criteria or numeric standards (TVS) used in this UAA are outlined in Table B1.

Table B1 Water Quality Table of Value Standards for Selected Metals (WQCC 2001).
	Metal
	Acute AWQC
	Chronic AWQC

	Cadmium
	(1.13667 – (ln(hard)*(0.04184)* e(1.28(ln(hard)-(3.6867)

(Trout) = 

(1.13667 – [ln(hard)*(0.04184)]* e(1.28(ln(hard)-(3.828)


	(1.10167-{ln(hard)*(0.04184)})* 

e(0.7852[ln(hard)]-2.715

	Lead 
	(1.46203 – [ln(hard))*(0.145712)]*e1.273[ln(hard))]-1.46


	(1.46203 – [ln(hard))*(0.145712)]*

e1.273[ln(hard))]-4.705

	Zinc
	e(0.8473{ln(Hardness)}+0.8618)


	e(0.8473{ln(Hardness)}+0.8699)


The State is also responsible for classifying aquatic life and recreation uses of stream sections, where
 “aquatic life” classifications indicate that the waters are, or are potentially, capable of supporting cold water biota. The primary attributes of these classifications are presented in Table B2.  Water Quality standards are matched to these classifications, and can be modified to account for site-specific needs.  Segments 1 and 2 of the Blue River have been given an Aquatic Life Cold Water I and a Recreation I classification by the state and have been temporarily assigned chronic D-Cd and D-Zn dissolved concentrations of 4.3 and 1,700 µg/L, respectively (WQCC 1999).  French Gulch (Blue River segments 10 and 11) have also been classified as Aquatic Life Cold Water I waters (WQCC 1999) and have modified cadmium, lead, and D-Zn chronic criteria (AGS 1999; WQD-CD 2001).   Segment 11 temporary modifications for dissolved concentrations are 4,000 µg/L (D-Zn); 7.7 µg/L (D-Cd), and 6.0 µg/L (D-Pb), respectively (expiring 12/31/03).  These values will also be considered in light of chronic and acute toxicity values for aquatic organisms.

Table B2. Attributes of State Use Classifications for Cold Water Environments.

	Recreation

	Class 1 – Primary Contact


	Class 2 – Secondary Contact

	Ingestion of small quantities of water likely to occur;
	Surface water not suitable for primary contact uses; Secondary uses: wading, fishing, other uses;



	Uses include, but not limited to: Swimming, rafting, kayaking, tubing and water-skiing.  Primary contact uses. 
	Ingestion of small quantities of water will not occur. 

	Aquatic Life



	Class 1 – Cold Water Aquatic Life


	Class 2 Cold Water Aquatic Life

	Waters capable of sustaining a wide variety of cold water biota; 


	Waters not capable of sustaining a wide variety of cold water biota; 

	Sustaining sensitive species; 


	Not capable of sustaining sensitive species; 

	Capable of sustaining such biota but for correctable water quality conditions; 
	Physical habitat, water flows, or uncorrectable water quality that result in substantial impairment of the abundance and diversity of species. 

	Physical habitat, water flows, and water quality result in no substantial impairment of abundance and diversity. 
	


B4.3 Toxicity Effects   

The results of toxicity tests are usually expressed as a metal concentration that causes mortality to 50 percent of the test organisms.  This metal concentration is referred to as the “LC50” and usually has the test time or duration of exposure expressed as a prefix.  For example, a 96hr-LC50, is the concentration of a metal in the dissolved fraction that causes 50 percent of the test organisms to die over a period of 96 hours.  Some tests also report the concentration at which 10 percent of the organisms die, this is termed the LC10.  In addition, long-term tests may report a 200hr-LC50 (200-hr test).  In a test where other endpoints are measured besides mortality, an EC50 is reported (effect concentration).  A no-observed-effect level or concentration, NOEL or NOEC, is the metal concentration at which no significant mortality occurred compared to mortality in control populations.   Similarly, the lowest concentration with observable differences in survival (LOEC) is also often reported. 

The toxicity of a metal is generally described by the duration of exposure or the reaction to exposure. Acute toxicity causes mortality or extreme physiological disorders to test organisms immediately following exposure to the metal.  Chronic toxicity involves long-term effects of small amounts of a metal and measures it cumulative effect over time.  These long-term effects can lead to mortality or changes in physiological or behavioral functions (e.g. poor reproduction, reduced growth, slowed development, etc.). 

The State of Colorado defines its chronic toxicity standard as the level not to be exceeded by the concentration for either a single representative sample or calculated as an average of all samples collected in a thirty-day period.  It represents the level that protects 95 percent of the genera from chronic toxic effects from metals.  It is implemented in combination with a stream flow based on a 30-day average low flow with an average 1-in-3-year recurrence interval (30E3).  Colorado’s acute toxicity standard is defined as one half of the LC-50 that protects 95 percent of the general in a water body from lethal effects.  It is implemented in combination with a stream flow based on a 1-day low flow with an average 1-in-3-year recurrence interval (1E3) (WQCC 2001).  

Acute and chronic toxicity can have lethal or sublethal effects.  Lethal exposure causes direct mortality through the disruption of essential physiological functions, for example, respiration.  Lethal toxicity always results in increased and significant mortality in aquatic populations.  Sublethal toxicity entails symptoms other than mortality and have long-term effects on an aquatic population; for example, avoidance of spawning habitat, reduced feeding, decreased growth rate, poor reproduction, or increased infections, are typical effects caused by low level exposures to metals (sublethal chronic effects). 

It is important to note that the LC50s or acute toxicity are not protective of aquatic life and are considered a lethal toxicity range.  A chronic toxicity range is considerably more protective of aquatic life than acute levels of toxicity.

B4.4 Interactive Metals Effects 

Generally toxic effects of metals are studied in isolation, for example the effects of a single metal may be studied under control laboratory conditions.  These studies are rarely representative of actual field conditions where aquatic biota may be stressed by mixture of toxic metals or other abiotic factors such as increasing acidity. The effects depend on the organism exposed and their ability to produce metal-binding proteins (Wicklund et al. 1988), the relative concentrations of the toxic metals involved in the mixture (Sprague and Ramsey 1965), and other environmental conditions that drive metal availability (e.g. hardness: Lloyd 1961). Thus, the effects of a mixture of metals cannot always be predicted from tests that document the effects of single metal (Ahsanullah et al. 1998 and Kraak et al. 1994).  Where biota are exposed to two or more toxic metals at the same time, the effects may be directly additive, more than additive (synergistic), or less than additive (antagonistic). For instance, Parrott and Sprague (1993) showed an antagonistic relationship between low concentrations of copper and higher concentrations of zinc.  On the other hand, the addition of low concentrations of D-Zn or D-Cd to a metal mixture has show synergistic effects, where mortality of test organisms is greatly increased (Williams et al. 1986; Harrahy 2000). 

B5 Aquatic Toxicity
B5.1 Physiological Effects of Metals on Biota
One important problem encountered by freshwater fish is the diffusion of salts (ions or electrolytes) out of their bodies through a process called osmosis
. Controlling this ion loss is termed osmoregulation
 or ionoregulation.  The gills are the primary structure responsible for ionoregulation.  Trout make up for ion loss by actively absorbing sodium and chloride from the surrounding water through their gills (Athappilly, 1991).  Many laboratory studies have examined the toxicity of metals to salmonids (Clements and Rees, 1997; Chapman, 1978; Chapman and Stevens, 1978; Lloyd, 1961; McKim and Benoit, 1971; Nehring and Goettl, 1974; Seim et al., 1984; Sprague and Ramsey, 1965; Woodward et al., 1994; Woodward et al., 1995).  The main mechanisms of mortality in trout exposed to metals are the disruption of this primary function of ionoregulation and or, respiratory failure.

The primary function of the gills is gas exchange, i.e. extracting oxygen from the water and eliminating carbon dioxide from the trout’s system.  During metal exposure the primary physiological function of the gills is impeded.  For example, some metals disrupt ionoregulation by making the semipermeable membrane of the gills more permeable. This will increase the amount of ions, sodium and chloride dissipated from the body.  As an additive effect, metals combine with and disrupt the enzymes
 that work to maintain gill ionoregulation (Lauren and McDonald, 1986), thus further reducing the fish’s ability to maintain ions.   The overall result of metal exposure will be a reduction in plasma sodium and chloride levels and whole body sodium (Lauren and McDonald, 1987).  Continuous disruption of these ionoregulatory functions will result in mortality.  Trout will generally die after losing 50 percent of their sodium (Lauren and McDonald, 1986). 

Besides disrupting ion exchange, metal exposure can also cause physical damage to the gills.  This damage can include swelling, thickening and curling of the gill filaments and lamellae
.  At higher pH levels, some metals may cause impaired respiration by increased mucus production and gill tissue damage resulting in reduced respiration and increased physiological stress, leading to mortality (Mueller et al., 1991).  This type of damage will significantly impact the primary function of the gills - respiration.  As a result of this gill damage, an oxygen deficit will develop, causing the cardiovascular system to increase activity.  During lethal metal exposures the increased stress placed on the cardiovascular system will result in mortality.

Other effects of metals include suffocation through precipitation and liver dysfunction and intestinal ulcerations of absorption due to ingestion of metals (Gerhardt, 1994). 

Physiological acclimation to heavy metals has been observed for invertebrates (Miller and Hendricks 1996) and fish (Duncan and Klaverkamp 1983) due to induction of metal binding proteins such as metallothionein (Benson and Birge 1985; Aoki et al. 1989).  Metallothionein is a low molecular weight, cysteine rich protein that functions in metal homeostasis of essential metals (e.g. D-Zn and copper) and in detoxification of metals (essential and non-essential). The production of metallothionein and binding with metals induces a metabolic cost to the organism, such that while mortality in exposed populations may be reduced, reductions in growth and reproduction may still be observed due to these energetic costs (Harrahy 2000).  Tolerance has also been shown to have a genetic basis (Maltby 1991; Klerks and Levinton 1993).

B5.2 Effects of Hardness and Alkalinity on Toxicity

Hardness is defined as the sum of calcium, magnesium, and ferric carbonate concentrations in freshwater. Hardness is expressed as calcium carbonate (CaCO3).  Alkalinity is a measure of water’s acid-neutralizing capacity.  It is defined as the concentration of alkali metals (e.g. sodium, potassium, lithium) in the carbonate or hydroxide state (Keefer, 1974). 

Hardness and alkalinity have significant impacts on the toxicity of metals (Freeman and Everhart, 1971;  Lauren and McDonald, 1986;  U.S. EPA, 1985 & 1988).   In many scientific studies it has been reported that as hardness concentration increases, metal toxicity decreases.  The relationship between D-Zn toxicity and hardness (CaCO3) is demonstrated in Figure B1 (data were obtained from the U.S. EPA AWQC, U.S. EPA, 1980; Marr, 1994; Davies and Brinkman, 1999). 

The relationship between hardness/alkalinity and metal toxicity is effected by several factors. First, increasing hardness results in increased calcium and magnesium ions. These ions compete with metals for the same enzyme binding sites on the gill filaments that maintain osmoregulation, thus reducing the effects of metal exposure by decreasing the availability of gill binding sites. Increased calcium and magnesium ions (high hardness) therefore, act as a buffer against trace metals.  Also, increasing hardness, (increased calcium) is known to decrease the permeability of the gill tissue (Hunn 1985), which will improve the osmoregulation function of the gills and reduce the effects of metals on the gill filaments.

Literature values for the relationship between hardness and LC50s for rainbow trout, brook trout, and brown trout exposed to dissolved D-Zn are presented in Figure B1. For example, the 96hr-LC50 for rainbow trout exposed to D-Zn ranged from 90 - 830 (g/L at a hardness concentration of less than 30 mg/L.  However, at a higher hardness value, 83 mg/L, the lethal effects of D-Zn occurred at a concentration of approximately, 1,760 (g/L (Figure B1).  Brook trout have a LC50 as high as 2,420 µg/L at hardness values of 47 mg/L (Figure B1).   Reported LC50’s for brown trout again indicated that increasing hardness will affect the toxicity of D-Zn (Figure B1). It is important to remember that 96-hr LC50 toxicity tests are based on 50% mortality of the test organisms; therefore, these LC50 values for metals should not be considered supportive of a viable trout population. 

[image: image1.wmf]Effects of Hardness on D-Zn Toxicity.

0

1000

2000

3000

4000

5000

6000

7000

8000

0

50

100

150

200

250

Hardness in Milligrams/Liter

Zinc LC50 microgram/Liter

Rainbow Trout 

Brook Trout

Brown Trout

Figure B1.  The relationship between hardness and D-Zn LC50s for three trout species.

B5.3 Effects of pH and DOC on Metal Toxicity 

Other factors that influences metal toxicity in fish are pH and dissolved organic carbon (DOC).  pH is a measure of the acidity or alkalinity of a solution.  The concentration of hydrogen ions (H+) in water is expressed as pH, where high concentrations of ions will increase acidity leading to low pH values.  pH of pure water is 7.0, acidic water will have pH values of less than 7.0, and alkaline conditions will have pH’s of greater than 7.0. Low pH levels may have both a direct effect of increased acidity and indirect effect resulting from changes in the concentration and forms of toxic metals (Lacroix and Townsend, 1987). Increased dissolved organic carbon may also affect metal bioavailability, and thus toxic effects and bioaccumulation of metals in aquatic organisms (Breteler and Saska 1985; Prusha  2002). For instance, dissolved organic carbon may bind a substantial portion of cadmium, thus reducing bioavailability of metals to aquatic organisms (USEPA 2001).  To better account for metal bioavailability, biotic ligand models (BLM) are being developed. BLM’s quantifies the capacity of metals to bind to gills of an aquatic organism, given the effects of water quality parameters such as alkalinity, pH, and DOC (Meyer et al., 1999 and McGeer et al., 2000 as cited in USEPA 2001). Since only preliminary models exist for the metals in interest in this study, BLM’s will not be used to describe toxic levels to aquatic organisms.

B6. Selected Literature on D-Zn, D-Cd, and D-Pb Toxicity

B6.1 Effects of Dissolved D-Zn (D-Zn) on Brown Trout Populations 
Based on literature values (Tables B3 & B.4) for acute and chronic D-Zn toxicity levels in trout, it appears that brook trout have a higher tolerance of D-Zn levels when compared to brown trout or cutthroat trout (Table B3 & B4).  These data show that LC50’s for brook trout ranged from 1458 µg/L D-Zn (60-mg/L hardness) to 6980 µg/L (179 mg/L hardness).  Similarly, increased tolerance was also apparent in terms of a chronic response (Table B3).  

Lethal values for cutthroat and rainbow trout ranged from 90-670 µg/L for cutthroat and from 93 (low hardness of 22 mg/L) to 4520 (high hardness of 350 mg/L) µg/L for rainbow trout (Table B3).  Mottled sculpin were the most sensitive fish, with an acute value of 156 µg/L and a chronic value of 20.8 µg/L (Table B3).  Studies conducted on the effects of D-Zn on brown trout indicated that these fish are more sensitive than brook trout; Marr, (1994) reported that brown trout fry had a LC50 of 454 µg/L (50mg/L, hardness) and 1,000 µg/L at 100 mg/L hardness (Table B4). 

More recently, a number of experiments were conducted on the tolerance of brown trout to D-Zn (Davies and Brinkman 1999, 2000).  The results of these studies indicated that trout that were pre-exposed to D-Zn as embryos were more tolerant to D-Zn exposure than naïve brown trout (Table B5).  For example, trout pre-exposed to D-Zn had a chronic LC50 of 1329µg/L (50mg/L hardness), in-contrast, unacclimated trout had a chronic LC50 of 303 µg/L (Table B5). However, regardless of pre-exposure, trout that were exposed once and allowed to depurate, and then exposed again showed significantly less tolerance to D-Zn (Table B5).  Chronic toxicity LC50’s were reduced from 1329 µg/L to 360 µg/L after a two-week period in clean water and further reduced to 342 µg/L after three weeks in clean water (Table B5).  It should also be noted that unacclimated trout were also more sensitive to D-Zn after a two-week deacclimation period, where initial chronic values of 303 µg/L were reduced to 194 µg/L. Similar results were observed in terms of acute reactions (Table B5).

Table B3. Reported literature values for D-Zn toxicity in brook trout, rainbow trout, cutthroat trout, and mottled sculpin.

	TAXA
	AGE
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Brook trout 
	juvenile
	60
	NA

	acute
	1458
	referenced in ERA, USEPA 2002

	Brook trout 
	life cycle
	60
	NA
	chronic
	2098
	referenced in ERA, USEPA 2002

	Brook trout 
	NR
	47
	96-hr
	acute
	1,550
	Holcombe & Andrew, 1978

	Brook trout 
	NR
	44
	96-hr
	acute
	2,420
	Holcombe & Andrew, 1978

	Brook trout 
	NR
	179
	96-hr
	acute
	6,980
	Holcombe & Andrew, 1978

	Brook trout
	juvenile
	52.6
	96-hr
	acute
	738
	Davies et al. 2000

	Brook trout
	juvenile
	52.6
	96-hr
	acute
	1178
	Davies et al. 2000

	Brook trout
	juvenile
	52.6
	5 – 9d 
	NOEC
	221
	Davies et al. 2000

	Brook trout
	juvenile
	52.6
	5 – 9d 
	NOEC
	608
	Davies et al. 2000

	Brook trout
	juvenile
	52.6
	5 – 9d 
	Chronic
	327
	Davies et al. 2000

	Brook trout
	juvenile
	52.6
	5 – 9d 
	Chronic
	819
	Davies et al. 2000

	Cutthroat trout
	NR
	NR
	24-hr
	acute
	620
	Rabe & Sappington, 1970

	Cutthroat trout
	NR
	NR
	48-hr
	acute
	270
	Rabe & Sappington, 1970

	Cutthroat trout
	NR
	 
	96-hr
	acute
	90
	Rabe & Sappington, 1970

	Cutthroat trout
	NR
	34-47
	14 days
	chronic
	670
	Nehring & Goettl, 1974

	Rainbow trout 
	adult
	60
	
	acute
	1004
	referenced in ERA, USEPA 2002

	Rainbow trout 
	larval
	60
	
	acute
	936
	referenced in ERA, USEPA 2002

	Rainbow trout 
	juvenile
	60
	
	acute
	534
	referenced in ERA, USEPA 2002

	Rainbow trout 
	larval
	60
	
	chronic
	1650
	referenced in ERA, USEPA 2002

	Rainbow trout 
	Alevin 
	22
	96-hr
	acute
	815
	Chapman, 1978.

	Rainbow trout 
	Swim-up Fry 
	22
	96-hr
	acute
	93
	Chapman, 1978.

	Rainbow trout 
	Juvenile
	22
	96-hr
	acute
	136
	Chapman, 1978.

	Rainbow trout 
	NR
	83
	96-hr
	acute
	1,760
	Chapman & Stevens, 1978.

	Rainbow trout 
	NR
	350
	96-hr
	acute
	4,520
	Goettl, et al. 1972

	Rainbow trout 
	NR
	350
	96-hr
	acute
	1,190
	Goettl, et al. 1972

	Rainbow trout 
	NR
	30
	96-hr
	acute
	560
	Goettl, et al. 1972

	Rainbow trout 
	NR
	30
	96-hr
	acute
	240
	Goettl, et al. 1972

	Rainbow trout 
	NR
	47
	96-hr
	acute
	370
	Holcombe & Andrew, 1978

	Rainbow trout 
	NR
	178
	96-hr
	acute
	2,510
	Holcombe & Andrew, 1978

	Mottled sculpin
	juvenile
	48.6
	96-hour
	acute
	156
	Davies et al. 2001

	Mottled sculpin
	juvenile
	46.3
	30 d
	chronic
	20.8
	Davies  et al. 2001


Table B4. Reported literature values for D-Zn toxicity in brown trout.

	TAXA
	AGE
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Brown trout
	pre-acclimated

1st exposure
	50
	31-d
	chronic
	1329
	Davies and Brinkman, 1999

	Brown trout
	pre-acclimated  

2nd exposure
	50
	18-d
	chronic
	342-360
	Davies and Brinkman, 1999

	Brown trout
	early life-stage
	35
	68-d
	chronic
	381
	Davies and Brinkman, 1999

	Brown trout
	non-acclimated 

1st exposure
	50
	31-d
	chronic
	303
	Davies and Brinkman, 1999

	Brown trout
	non-acclimated 

2nd exposure
	50
	18-d
	chronic
	194
	Davies and Brinkman, 1999

	Brown trout
	non-acclimated 

2nd exposure
	50
	96-hr
	acute
	392
	Davies and Brinkman, 1999

	Brown trout
	pre-acclimated 

2nd exposure
	50
	96-hr
	chronic
	384-561
	Davies and Brinkman, 1999

	Brown trout


	Low hard/Low Alkal.
	54/37
	96-hr
	acute
	1033
	Davies and Brinkman, 1999

	Brown trout


	Low hard/High Alkal.
	54/139
	96-hr
	acute
	690
	Davies and Brinkman, 1999

	Brown trout


	High hard/Low Alkal.
	206/37
	96-hr
	acute
	2267
	Davies and Brinkman, 1999

	Brown trout

(wild)
	acclimated

fry
	39
	96-hr
	acute
	1250
	Davies and Brinkman, 1994(a)

	Brown trout

(wild)
	Un-acclimated  

fingerlings
	39
	96-hr
	acute
	550
	Davies and Brinkman, 1994 (a)

	Brown trout

(wild)
	acclimated fry
	39
	12 weeks
	chronic
	457
	Davies and Brinkman, 1994 (a)

	Brown trout

(wild)
	Un-acclimated  

fingerlings
	39
	12 weeks
	chronic
	457
	Davies and Brinkman, 1994 (a)

	Brown Trout 


	Animas River
	42.3
	96-hr
	acute
	476
	Davies et al. , 2000

	Brown Trout

 
	juvenile
	52.6
	96-hr
	acute
	484
	Davies et al. , 2000

	Brown Trout

 
	juvenile
	52.6
	96-hr
	acute
	603
	Davies et al. , 2000

	Brown Trout

 
	juvenile
	52.6
	5-9d
	chronic
	234
	Davies et al. , 2000

	Brown Trout

 
	juvenile
	52.6
	5-9d
	chronic
	327
	Davies et al. , 2000

	Brown trout


	NR
	22 - 35
	14 days 
	chronic
	640
	Nehring & Goettl, 1974

	Brown trout


	Fry
	100
	96-hr 
	acute
	1000
	Marr, 1994 

	Brown trout


	Fry
	50
	96-hr 
	acute
	454
	Marr, 1994   


Table B5.  Comparison of 96-hr LC50 concentrations from acute and chronic toxicity tests with non-exposed (i.e. unacclimated), and pre-exposed (i.e. acclimated to 200 µg/L and 400 µg/L of D-Zn) brown trout.  (A sub-chronic test periods were 18 and 13 days, respectively).  Data reproduced from Davies and Brinkman, (1999).

	Exposure
	Acute 96-Hr LC50 (µg/L)
	Chronic 31d Value µg/L

	
	
	

	Unacclimated
	871
	303

	200 Acclimated 
	1397
	1329

	400 Acclimated
	1578
	1329

	Two-week Deacclimation PeriodA


	Unacclimated
	392
	194

	200 Acclimated 
	561
	360

	400 Acclimated
	506
	360

	Three-week Deacclimation PeriodA 



	Unacclimated
	392
	194

	200 Acclimated 
	438
	342

	400 Acclimated
	384
	342


These results are important because acute and chronic LC50 values from standard tests, upon which biotic standards are typically developed, do not take this loss of acclimation into account, and thus may not be as protective of aquatic life.  For example, resulting from increased dilution rates, during spring high-flows, D-Zn concentrations can decrease substantially. Alternatively, increased tolerance to D-Zn may occur during low flow and winter egg incubation periods.  This increased tolerance can be rapidly lost during high flows, thus increasing brown trout sensitivity to D-Zn.

Results from studies on early life stage (ELS) toxicity test indicated that the chronic value concentration of newly hatched brown trout fry was 381 µg/L (Davies and Brinkman, 1999).  Marr (1994) reported an acute value of 454 µg/L; both tests used a water hardness of 50 mg/L.   

B6.2 D-Zn Criterion for Brown Trout.

As outlined in Section B4.2, ambient water quality criteria (AWQC) are threshold concentrations that are designed to be protective of many different aquatic species under a variety of water quality conditions (U.S. EPA, 1986). Table Value Standards (TVS) are water hardness dependent equations used to calculate acute and chronic toxicity thresholds (Table B1).  An objective of this UAA is to compile available literature on toxicity of metals to potential ecological receptors (primarily trout and invertebrates) for comparison with AWQC and state standards and water quality conditions in French Gulch and Blue River sites. 

In an effort to achieve this objective, we used a D-Zn hardness based criteria for the effects on brown trout.  This criteria is specific to a specific metal and the toxicity limits of species of interest; whereas, table value standards (Table B1) are set as a regulatory mechanism by the CDPHE’s Water Quality Control Commission (WQCC) to protect aquatic habitat (in terms of specific species) of a given stream. 

In an attempt to define a site-specific standard for brown trout in this section of the Blue River, we used a recently developed D-Zn hardness based equation (Davies and Brinkman, 2003) as a criteria range. Based on the complete lack of suitable habitat in this section of the Blue River, in addition to, very low numbers of trout occurring at upstream sites, we contend that sensitive early life stages of trout are unlikely to occur in this section of the Blue River. Therefore, toxicity tests conducted with embryonically exposed or acclimated early life stages of trout (ELS) were selected as the best approach to represent site-specific conditions (Davies and Brinkman, pers. comm).  The data used to develop this ELS equation are presented in Table B5.  In the event that aquatic habitat conditions may improve, or if upstream brown trout populations increase, thus increasing the opportunity for sensitive life stages of trout to occur in this stream section, a more restrictive equation non-ELS equation can be used as a site-specific standard (Davies and Brinkman, pers. comm). 

Based on regression analysis of these chronic data (Table B5) a significant positive result was obtained (p = 0.037, r2) indicating a relationship between hardness levels and chronic toxicity of D-Zn.  Based on this regression analysis, using acclimated fry, site-specific brown trout chronic criteria for D-Zn were developed and are expressed as the ELS Equation for D-Zn (Table B6). 

Table B5 – Data used to develop the Toxicity Criteria for Brown Trout in Colorado. Sources: Davies and Brinkman (1999, 2002, and 2003).
	Toxicity Test


	Hardness (mg/L)
	Chronic Value (µg/L)

	ELS Fry


	26.8
	162

	ELS Fry


	48.1
	196

	ELS Fry


	54.1
	381

	ELS Fry


	153
	1306


Table B6 – Dissolved zinc hardness based criteria for acclimatized early life stages of brown trout. (Davies and Brinkman, 2003).

	D-Zn Hardness Based Equation for ELS



	Brown Trout acute and chronic  = e (1.25(ln(hard)+0.799).




Based on this regression analysis, we can then estimate chronic toxicity at various hardness levels; chronic toxicity and associated hardness levels are presented in Table B7.   

Table B7.   Chronic brown trout criteria using the ELS equation for D-Zn (Data from: Davies and Brinkman, 2003)

	Hardness (mg/L)


	ELS Fry D-Zn Criteria (µg/L)
	TVS (µg/L)

	40


	224
	54

	50


	295
	66

	60


	371
	77

	70


	450
	87

	80


	532
	98

	90


	616
	108

	100
	703


	118


As outlined, an objective of this UAA is to compile available literature on toxicity of metals to and compare these findings with relevant State of Colorado table value standards (TVSs). The TVSs are threshold concentrations that are designed to be protective of many different aquatic species under a variety of water quality conditions.  Because TVSs are water hardness dependent equations, the average hardness conditions in the Blue River were used to calculate acute and chronic toxicity thresholds (Table B8).  Afterwards, by adjusting for changes in streamflows and hardness levels at the combined Blue River sites, acute AWQC values ranged between 87 and 109 µg/L D-Zn and chronic values ranged between 88 and 110 µg/L D-Zn (Table B8)

Table B8 -- Comparison of D-Zn Hardness Equation Criteria (ELS) with Table Value Standards for the Blue River Segment 2.  

	Criteria 
	Zinc Concentrations

	D-Zn Hardness Criteria @ 50mg/L
	295 µg/L

	
	

	TVS Average Hardness Adjusted to 50mg/L
	65 µg/L (acute);   66 µg/L (chronic
)



	TVS Average Hardness High Flows
	87.0 µg/L (Ac.); 87.7  µg/L (chronic)



	TVS Average Hardness Low Flows 
	108.9 µg/L (Ac.); 109.8 µg/L (chronic)




In conclusion, it is recommended that the aquatic-life protective level for D-Zn should be based on the ELS hardness criteria (Davies and Brinkman, 2003), due to the similarity between chronic and acute TVS standards (Table B6), we are also recommending this ELS equation as an acute standard. This approach assumes that physical habitat in these stream sections will restrict the trout population in terms of spawning and recruitment, and the lack of an upstream population will further compound these conditions. Therefore, it is probable, that sensitive trout fry will not occur in this stream section. We conclude that use of the more tolerant D-Zn hardness based equation (ELS) will be the pertinent standard for Segment 2 of the Blue River.  

B6.3 Effects of Dissolved D-Zn on Macroinvertebrates 

In general, aquatic invertebrates appear to be more tolerant to D-Zn concentration than fish, with the exception of daphnia, which had reported chronic and acute values of 118 -128 µg/L (60 mg/L hardness).  Studies have shown that mayflies are highly sensitive to heavy metals and are usually the first group of macroinvertebrates to be eliminated from metal impacted systems (Clements 1994; Clements and Kiffney, 1994, 1995).  Small heptageniid mayflies are especially sensitive to D-Zn (effects observed at 130 µg/L at 36 mg/L hardness) (Table B9).  LC50’s for Baetis mayflies ranged from 191-956 µg/L in chronic tests lasting from 7 to 31 days; acute values for Baetis mayflies ranged from 7,357 – 10,475 µg/L of D-Zn for acute tests (Table B9).  A general acute estimate of 489 µg/L for mayflies was reported in the ecological risk assessment for French Gulch/Wellington-Oro mine site (USEPA 2002). In chronic tests conducted with D-Zn only, Drunella and Ephemerella mayflies showed higher tolerance with 50% mortality occurring between 9200 and 16000 µg/L. 

Stoneflies tended to be more tolerant to D-Zn concentrations than mayflies, with chronic levels ranging from 13,900 – 32,000 µg/L for hardness of around 40-60 mg/L (Table B9).  Likewise, chronic values for caddisfly larvae ranged from 18,092 – 32,000 µg/L.  Reported data for dipterans ranged widely (36.8 – 12306 µg/L); therefore, we did not draw any conclusions about toxicity tolerance.  Harrahy (2000) showed that low concentrations of D-Zn in sediments could result in 50 % mortality of Chironomus tentans, suggesting that, these taxa may be less tolerant to sediment concentrations versus aqueous concentrations.

Table B9. Reported literature values for D-Zn toxicity in macroinvertebrates.

	TAXA
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	Reference

	Mayflies

	Baetis tricaudatus 
	30
	11 d
	Chronic
	191 (est)
	Harrahy, 2000

	Baetis tricaudatus 
	30
	7 d
	Chronic
	956 (est)
	Harrahy, 2000

	Baetis tricaudatus 
	35
	96-hr
	Acute
	7357-10475
	Harrahy, 2000

	Drunella sp.
	30-70
	14 d
	Chronic
	>9200
	Nehring, 1976

	Ephemerella sp.
	54
	10 d
	Chronic
	16000
	Warnick and Bell,1969

	Heptageniid sp.
	36
	10 d
	Chronic
	130 (est)
	Kiffney, 1995

	Mayfly spp.
	60
	NR
	Acute
	489
	ERA, USEPA, 2002

	Caddisflies

	Caddisfly
	60
	NR
	Chronic
	18092
	ERA, USEPA, 2002

	Hydropsychid 
	52
	11 d
	Chronic
	32000
	Warnick and Bell,1969

	Stoneflies

	Acroneuria stonefly
	50
	14 d
	Chronic
	32000
	Warnick and Bell,1969

	Pteronarcys 
	30-70
	14 d
	Chronic
	>13900
	Nehring, 1976

	Dipterans

	Chironomus midge
	90
	10d
	Chronic
	159(sediment)
	Harrahy, 2000

	Midge
	60
	NR
	Acute
	12306
	ERA, USEPA, 2002

	Tanytarsus midge
	46.8
	10 d
	Chronic
	36.8
	Anderson et al. 1980

	Other Invertebrates

	Daphnia
	60
	NR
	Acute
	128
	ERA, USEPA, 2002

	Daphnia
	60
	NR
	Chronic
	118
	ERA, USEPA, 2002

	Gammarus amphipod
	60
	NR
	Acute
	860
	ERA, USEPA, 2002

	hyalella amphipod
	60
	NR
	Acute
	234
	ERA, USEPA, 2002

	Snail
	60
	NR
	acute
	1116
	ERA, USEPA, 2002

	tubificid worm
	60
	NR
	acute
	2736
	ERA, USEPA, 2002

	
	
	
	
	
	


Various studies conducted by Clements have revealed similar community patterns that may be useful in identifying key taxa and their toxicity levels.  First, mayflies, particularly Heptageniidae, are the most sensitive to heavy metals and typically the first taxonomic group eliminated at contaminated sites. Thus heptageniids such as Rithrogena sp., Epeorus sp., and Cinygmula sp. may serve as indicators of metal pollution at a site. Early instars of these mayflies, as well as other taxa such as Drunella sp., have also shown to be particularly sensitive to metals and metal mixtures (Kiffney 1995). Toxicity reference values for early instars of these taxa would be included in developing site-specific criteria as outlined in Appendix L of the EPA Water Quality Standards Handbook. However, due to the paucity of acute/chronic LC50’s and/or no observed effect studies on macroinvertebrates, in addition to, extremely wide ranging results being reported in the literature (Table B9), developing protective criteria for macroinvertebrates will be difficult. In contrast to Heptageniidae, Baetis sp. (e.g. Baetis tricaudatus) have been shown to be more tolerant of metal impacted sites and are often the only mayfly taxa present at highly contaminated sites (Will Clements, pers. comm). 

Because of these limitations, we have used a community-level matrix in an attempt to provide estimated D-Zn concentration that will be protective of a macroinvertebrate community; these data are presented in (Table B10).  In effect, we use the abundance and/or presence or absence of  Rhithrogena hageni, Epeorus longimanus, E. deceptivus, Cinygmula sp.(“Indicator mayflies”), and Baetis tricaudatus as the most reliable indicators for potential recovery at metal contaminated sites (Figure B2).  This fundamental principle implies that if theses most sensitive species are protected then other macroinvertebrate species will survive.  Based on these data
 we show that at a D-Zn concentration of less than 250 µg/L (Figure B2), sensitive and baetid mayflies become more abundant. Hardness values during these studies ranged from 43 – 91 mg/L (Table B10).  Normalizing these data for hardness, 250 µg/L would be reduced slightly, to 244 µg/L of D-Zn.   In reality, in order to restore a complete healthy diverse benthic community, D-Zn levels would have to be reduced to be less than 100 µg/L (Figure B2). Based on the results of our ELS D-Zn hardness based criteria for brown trout (Table B6 & B7), it is possible that some indicator species and other mayflies can survive at these levels (Figure B2).  We can then conclude that if the ELS D-Zn equation (Table B6) provides a limited protection to the brown trout population, then most macroinvertebrates will be protected using this ELS equation.  

Table B10. Comparison of abundance of mayflies (sensitive and tolerant taxa) to recorded D-Zn concentrations in Colorado drainages.

	Stream/Site


	Dissolved Zinc

µg/L
	Hardness

mg/L
	Sensitive Mayflies

Number
	Baetis Species

Number
	Reference

	French Gulch 1

May Sample 
	14
	62
	322
	59
	Clements, 1999

	French Gulch 1

October Sample
	12
	50
	219
	43
	Clements, 1999

	French Gulch 2

May Sample
	6320
	140
	0
	0
	Clements, 1999

	French Gulch 2

October Sample
	5260
	114
	0
	0
	Clements, 1999

	Blue River 

May Sample
	82
	68
	189
	407
	Clements, 1999

	Blue River 

May Sample
	117
	66
	1
	1082
	Clements, 1999

	Peru Creek 

May Sample
	794
	50
	0
	0
	Clements, 1999

	Peru Creek

October Sample
	1071
	52
	0
	0
	Clements, 1999

	Snake River

May Sample
	717
	56
	0
	8
	Clements, 1999

	Snake River

October
	527
	62
	17
	2
	Clements, 1999

	East Fork Arkansas R. (EF 5)
	150
	nr
	80
	Nr
	Clements et al.

2002

	Arkansas R.  (AR1)
	100
	Nr
	75
	Nr
	Clements et al.

2002

	Arkansas R.  (AR3)
	1450
	Nr
	5
	Nr
	Clements et al.

2002

	Arkansas R.  (AR5)
	400
	Nr
	10
	Nr
	Clements et al.

2002

	Arkansas R.  (AR8)
	200
	Nr
	75
	Nr
	Clements et al.

2002

	Animas R.
	380
	Nr
	40
	Nr
	Clements et al.

2002

	East Fork Arkansas

(EF1)
	250 (runoff)
	43
	5
	75
	Clements, 1994

	East Fork Arkansas

(EF2)
	20 (runoff)
	41
	150
	75
	Clements, 1994

	East Fork Arkansas

(EF5)
	400 (runoff)
	91
	0
	15
	Clements, 1994

	East Fork Arkansas

(EF6)
	600 (runoff)
	82
	0
	25
	Clements, 1994

	Arkansas R.  (AR1) 


	250 (runoff)
	70
	25
	70
	Clements, 1994

	Arkansas R.  (AR2)


	100 (runoff)
	73
	15
	175
	Clements, 1994

	Arkansas R.  (AR3)


	3000 (runoff)
	80
	0
	75
	Clements, 1994

	Arkansas R.  (AR5)


	500 (runoff)
	79
	0
	175
	Clements, 1994

	Arkansas R.  (AR7)


	250 (runoff)
	53
	0
	150
	Clements, 1994

	Arkansas R.  (AR8)


	250 (runoff)
	44
	5
	100
	Clements, 1994

	Arkansas R.  (AR2)
	26
	Nr
	74
	758
	Kiffney & Clements, 1994

	Arkansas R.  (AR5)
	79
	Nr
	0
	922
	Kiffney & Clements, 1994

	Arkansas R.  (AR3)
	181
	nr
	30
	372
	Kiffney & Clements, 1994

	Eagle R. (ER 1)


	2


	Nr
	124
	1214
	Kiffney & Clements, 1994

	Eagle R.  (ER 4)
	104
	Nr
	4
	192
	Kiffney & Clements, 1994

	Eagle R.  (ER 3)
	336
	Nr
	10
	350
	Kiffney & Clements, 1994
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Figure B2.  Relationship between D-Zn concentration (µg/L) and mayfly abundance in different Colorado. (Site hardness values ranged from 43 to 91 mg/L, Table B9). 
B6.4
Effects of Dissolved Cadmium (D-Cd) on Brown Trout Populations
Brown trout D-Cd toxicity values ranged between 0.4 and 6.7 µg/L D-Cd for chronic tests and varied from 1.4 and 2.16 µg/L D-Cd for acute tests (Table B11).  In an attempt to define criteria for brown trout that would be protective of adult brown trout, we used the literature values for the chronic effect that trout
 can endure (Table B12).  Chronic values are available over a range of hardness for three trout species (Table B12).  To account for the apparent relationship of D-Cd chronic toxicity to hardness, we used regression analysis (same approach as used to determine D-Zn criteria) to determine the pooled regression slope between hardness and chronic values.  The pooled slope for these trout data was 1.028, (r2 = 0.69), the resultant equation is shown in Table B13.  

In addition to developing D-Cd hardness based chronic equation, data from acute studies on trout was evaluated to determine an acute hardness based equation for brown trout.  Due to the paucity of acute data for effects of cadmium at different hardness levels on brown trout regression analysis could not be conducted.  In a similar approach as used for chronic values, we used data from additional trout studies as outlined in (Appendix B, Table B10, and EPA 2001) to develop a hardness-based equation for acute toxicity.  Using these data, a final acute value (FAV) of 2.3µg/L (50m/L hardness) resulted.  Using the standard procedure to develop the criterion maximum concentration (CMC), an acute standard of 1.65µg/L resulted.  In biological terms, it does not seem logical that an acute value can occur at 50% of the chronic value.  In addition, when the influential outliers are removed from the trout data, a non-significant regression results. Finally, based on recent studies (Davies and Brinkman, 1994) conducted concurrently on acute and chronic toxicity (Table B11 & B12) the results indicate that chronic values for cadmium effects on brown trout are less than acute results (Table B11 & B12).   Because of discrepancies in terms, data shortages, and unrealistic acute and chronic ratios, we feel justified in not recommending a site-specific acute standard at this stage. 
Table B11 -- Reported literature values for brown trout D-Cd toxicity 

[Note: NR = Data/information are not presented or known.]
	TAXA
	AGE
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Brown trout 
	NR
	60
	NR
	acute
	2.16
	ERA, USEPA (2002)

	Brown trout 
	NR
	50
	NR
	chronic
	5.004
	USEPA (2001)

	Brown trout 
	NR
	39-48
	96-hr
	acute
	1.4
	Spehar and Carlson (1984)

	
	
	
	
	
	
	

	Brown trout

(wild)
	Un-acclimated  

Fingerlings
	39
	96-hr
	acute
	2.39
	Davies and Brinkman (1994 b)

	
	
	
	
	
	
	

	Brown trout

(wild)
	Un-acclimated  

Fingerlings
	39
	12 weeks
	chronic
	0.4
	Davies and Brinkman (1994 b)

	Brown trout

(hatchery)
	Un-exposed  as eggs;

Fingerlings
	40
	96-hr
	acute
	1.87
	Davies and Brinkman (1994 b)

	Brown trout

(hatchery)
	Pre-exposed as eggs;

Fingerlings
	40
	96-hr
	acute
	1.78
	Davies and Brinkman (1994 b)

	Brown trout

(hatchery)
	Un-exposed  as eggs;

Fingerlings
	40
	136 d
	chronic
	1.3
	Davies and Brinkman (1994 b)

	Brown trout

(hatchery)
	Pre-exposed  as eggs;

Fingerlings
	40
	136 d
	chronic
	1.3
	Davies and Brinkman (1994 b)

	Brown trout
	Eyed eggs
	45
	NR
	chronic
	2
	Eaton et al. (1978)

	Brown trout
	Green eggs
	45
	NR
	chronic
	6.7
	Eaton et al. (1978)


Table B12.  Trout data used to develop a hardness-based equation for chronic effects of D-Cd on acclimated adult brown trout.

	Study
	Species
	Life-stage
	Hardness

Mg/L
	Chronic Value

µg/L

	Brown et al. 1994
	Rainbow 
	270d old
	250
	4.31

	Sauter et al. 1976
	Brook
	ELS
	37
	1.732

	Eaton et al. 1978
	Brook
	ELS
	44
	2.04

	Brown et al. 1994
	Brown 
	Non-ELS
	250
	16.49

	Davies and Brinkman, 1994
	Brown
	Non-ELS
	40
	1.3

	Davies and Brinkman, 1994
	Brown
	Fry
	39
	0.37Table

	Eaton et al. 1978
	Brown
	ELS
	45
	2

	Chapman, 1978
	Rainbow
	Swim-up
	23
	1

	Roch and Maly, 1979
	Rainbow
	N/A
	125
	17.3

	Arillo et al. 
	Rainbow
	N/A
	320
	10

	Majewske and Giles, 1984
	Rainbow
	N/A
	82
	4.8

	Davies and Brinkman, 1987
	Rainbow 
	Fry
	29
	1.26

	Davies and Brinkman, 1987
	Rainbow 
	Fry
	301
	9.15

	Kumada et al. 1973
	Rainbow
	N/A
	104
	7


Table B13.  Dissolved cadmium hardness based criteria for acclimated adult trout. Regression based on data from Table B12. 

	

	Brown Trout (Chronic) = e (1.028(ln(hard)-3.33).



	Where 1.028 = regression slope from pooled trout data, -3.33 = regression intercept 




Using these equations for D-Cd (Table B13) we can then estimate chronic toxicity at various hardness levels, these toxicity levels are presented in Table B14.

Table B14.   Chronic brown trout criteria based on the trout equation from Table 13. 

	Hardness 

(mg/L)


	Chronic Adult Brown Criteria

(µg/L)



	40


	1.6

	50


	2.0

	60


	2.4

	70


	2.9

	80


	3.2

	90


	3.7

	100
	4.1




It should be noted that the toxicity of D-Cd to aquatic life is dependent upon its relationship to the other minerals and metals in solution and therefore, these criteria may change.  In addition, Davies et al. (2000) suggested a D-Cd level of 1.2 ug/L D-Cd for the Animas River (hardness values for the Animas River in spring range between 42-82 mg/L).

These chronic criteria (Table B14) are slightly higher than the D-Cd chronic levels obtained from the TVS equations (Table B15 and Table B1).  Based on the TVS, chronic values for trout would be 1.34µg/L D-Cd (chronic) at a hardness of 50 mg/L (Table B15).  Our suggested chronic standards (Table B13 & B14) slightly exceed chronic levels for brown trout, but accounting for poor habitat conditions and lack of potential for sensitive fry to occur, we suggest that these standards would be protective of acclimated adult brown trout.  

Based on updated data and equations used for cadmium toxicity (USEPA 2001); current TVS standards may be become more restrictive in future years.  The proposed revised cadmium equation and associated acute and chronic values are shown in Table 3.2-10.  These data (EPA 2001) indicate that brown trout are the most sensitive species for cadmium having Species Mean Acute Value (SMAV) of 1.613 µg/L for D-Cd (USEPA 2001). However, the SMAV for brown trout was based on a single study (USEPA, 2001). Even with the addition of data presented in this UAA, we could not develop a justifiable regression based on a number of brown trout studies; therefore, we suggest that the SMAV for brown trout be used with caution. 

Table B15.   Current TVS for D-Cd compared to future criteria for D-Cd. 

	Hardness

Mg/L
	1999 Chronic

µg/L
	1999 Acute

µg/L
	2001 EPA Chronic

µg/L
	2001 EPA Acute

µg/L

	20
	0.68
	0.65
	0.08
	0.40

	30
	0.92
	1.00
	0.10
	0.61

	40
	1.14
	1.4
	0.13
	0.82

	50
	1.34
	1.75
	0.15
	1.03

	60
	1.53
	2.1
	0.17
	1.23

	70
	1.72
	2.5
	0.19
	1.44

	
	
	
	
	


B6.5 Effects of Dissolved Cadmium (D-Cd) on Macroinvertebrates 

Invertebrate taxa appeared to be more tolerant to D-Cd than fish taxa (Table B16), with the exception of Daphnia, snails, amphipods, and small heptageniid mayflies (lowest estimated LC50 of <1.1 µg/L).  One major difficulty in interpreting the reported LC50’s is that hardness was not reported for many of the taxa (e.g. studies by Brown and Pascoe 1988; Williams et al. 1985).  Based on the high concentrations of LC50 values, hardness values were likely high.  In studies that were conducted in low hardness (e.g. 30 mg/L), values were lower and more consistent.  For instance, Harrahy (2000) estimated that 50% of Baetis tricaudatus mayflies died when exposed to 2.2-11 µg/L D-Cd over several days.  Acute values in the same study were higher (29-41 µg/L), and were similar to values reported in 96-hr tests by Williams et al. (1985) for Baetis rhodani.  Results of the study by Harrahy (2000) need to be interpreted with caution, as LC50’s were estimated from a metal mixture and interactive effects of metals may have altered LC50’s for individual metals.  Similar to Baetis mayflies, lethal concentrations for Ephemerella mayflies varied greatly, ranging from 3 – 54000 µg/L.  Again, higher values were noted for tests where hardness was not reported.  For tests where hardness ranged from 40-70 mg/L, toxicity values ranged from <3 µg/L(chronic) to 2278 µg/L (acute), which is similar to the compiled “mayfly” acute toxicity value reported in EPA 2002 (2646 µg/L).  Toxicity for Paraleptophlebia mayflies was 449 µg/L in the same hardness range.  

Toxicity values for stoneflies and caddisflies appeared to be high and similar to some Baetis values, but cannot be interpreted due to lack of data on hardness in toxicity tests (stonefly range: 26000 – 1300000 µg/L; caddisfly range: 200000 – 1100000 µg/L).  No chronic data were available for either Order.  Dipterans, especially Chironomids, were fairly tolerant to D-Cd in water with hardness between 50 – 60 mg/L (2804 µg/L chronic; 55608- 112570 µg/L acute) but were less tolerant in water with low hardness (LOEC’s of 500 and 1000 µg/L).  It is interesting to note that chironomids may be more sensitive to D-Cd when exposed through sediment (2.65 µg/L) (Harrahy 2000).  Of all invertebrate groups, odonates (Enallagma and Calopteryx ) were the least sensitive to D-Cd when compared to other taxa researched by Brown and Pascoe (1988) under the same conditions. We conclude that if D-Cd levels were maintained at the TVS levels for brown trout, then these levels would also be protective of a macroinvertebrate community. 

Table B16. Reported literature values for D-Cd toxicity in macroinvertebrates.

	TAXA
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Caddisflies

	Hydropsychids 
	NR
	24-hr
	acute
	>200000
	Williams et al. 1985

	Hydropsychids
	NR
	48-hr
	acute
	>200000
	Williams et al. 1985

	Hydropsychids 
	NR
	96-hr
	acute
	>200000
	Williams et al. 1985

	Hydropsychids
	NR
	96-hr
	acute
	520000
	Williams et al. 1985

	Rhyacophila 
	NR
	24-hr
	acute
	1100000
	Brown and Pascoe 1988

	Rhyacophila 
	NR
	48-hr
	acute
	650000
	Brown and Pascoe 1988

	Rhyacophila 
	NR
	96-hr
	acute
	400000
	Brown and Pascoe 1988

	Dipterans

	Chironomus 
	6-28
	10 d
	LOEC
	500
	Suedel et al. 1997

	Chironomus 
	90
	10d
	chronic
	2.65(sediment)
	Harrahy 2000

	Chironomus 
	6-28
	14 d
	LOEC
	1000
	Suedel et al. 1997

	Chironomus 
	22-58
	24-hr
	acute
	21530
	Nehring & Goettl, 1974

	Chironomus 
	22-58
	24-hr
	acute
	9990
	Nehring & Goettl, 1974

	Chironomus 
	22-58
	48-hr
	acute
	210
	Nehring & Goettl, 1974

	Chironomus 
	6-28
	7 d
	LOEC
	1000
	Suedel et al. 1997

	Chironomus 
	22-58
	72-hr
	acute
	130
	Nehring & Goettl, 1974

	Chironomus 
	22-58
	96-hr
	acute
	80
	Nehring & Goettl, 1974

	Chironomus
 
	50
	NR
	acute
	55608
	USEPA, 2001

	Chironomus
 
	50
	NR
	acute
	96880
	USEPA, 2001

	Chironomus 
	50
	NR
	chronic
	2.804
	USEPA, 2001

	Midge
	60
	NR
	acute
	112570
	ERA, USEPA 2002

	Mayflies

	Baetis rhodani
	NR
	24-hr
	acute
	95000
	Williams et al. 1985

	Baetis rhodani
	NR
	24-hr
	acute
	90000
	Williams et al. 1985

	Baetis rhodani
	NR
	48-hr
	acute
	2200
	Williams et al. 1985

	Baetis rhodani
	NR
	48-hr
	acute
	4000
	Williams et al. 1985

	Baetis rhodani
	NR
	96-hr
	acute
	70
	Williams et al. 1985

	Baetis rhodani 
	NR
	96-hr
	acute
	50
	Williams et al. 1985

	Baetis tricaudatus
	30
	11 d
	chronic
	2.2 (est)
	Harrahy 2000

	Baetis tricaudatus
	30
	7 d
	chronic
	<11 (est)
	Harrahy 2000

	Baetis tricaudatus 
	35
	96-hr
	acute
	29.4-41.9
	Harrahy 2000

	Ephemerella
	NR
	24-hr
	acute
	54000
	Williams et al. 1985

	Ephemerella
	NR
	24-hr
	acute
	61000
	Williams et al. 1985

	Ephemerella
	46
	28 d
	chronic
	<3
	Spehar et al. unpublished

	Ephemerella
	NR
	48-hr
	acute
	19000
	Williams et al. 1985

	Ephemerella
	NR
	48-hr
	acute
	18000
	Williams et al. 1985

	
	
	
	
	
	

	Ephemerella
	NR
	96-hr
	acute
	12000
	Williams et al. 1985

	Ephemerella
	NR
	96-hr
	acute
	13000
	Williams et al. 1985

	Ephemerella
	50
	Sor
	acute
	2278
	USEPA, 2001

	Heptageniid
 
	36
	10 d
	chronic
	1.1 (est)
	Kiffney 1995

	Hexagenia 
	NR
	96-hr
	acute
	6200
	Williams et al. 1985

	Mayfly
	60
	Sor
	acute
	2646
	ERA, USEPA 2002

	Paraleptophlebia 
	55-79
	96-hr
	acute
	449
	Spehar and Carlson 1984

	Odonates

	Calopteryx 
	NR
	24-hr
	acute
	8000000
	Brown and Pasoe, 1988

	Calopteryx
	NR
	48-hr
	acute
	3800000
	Brown and Pasoe, 1988

	Calopteryx
	NR
	96-hr
	acute
	1500000
	Brown and Pasoe, 1988

	Enallagma 
	NR
	24-hr
	acute
	6500000
	Brown and Pasoe, 1988

	Enallagma 
	NR
	48-hr
	acute
	2900000
	Brown and Pasoe, 1988

	Enallagma 
	NR
	96-hr
	acute
	650000
	Brown and Pasoe, 1988

	Stoneflies

	Isoperla stonefly
	NR
	24-hr
	acute
	1300000
	Brown and Pasoe, 1988

	Isoperla stonefly
	NR
	48-hr
	acute
	420000
	Brown and Pasoe, 1988

	Leuctra stonefly
	NR
	24-hr
	acute
	600000
	Williams et al. 1985

	Leuctra stonefly
	NR
	48-hr
	acute
	85000
	Williams et al. 1985

	Leuctra stonefly
	NR
	96-hr
	acute
	32000
	Williams et al. 1985

	Other invertebrates

	Daphnia
	60
	NR
	acute
	29
	ERA, USEPA 2002

	Daphnia
	60
	NR
	chronic
	0.78
	ERA, USEPA 2002

	Daphnia
	50
	NR
	chronic
	0.1469
	ERA, USEPA 2001

	Gammarus sp.
	60
	NR
	acute
	92.0
	ERA, USEPA 2002

	Gammarus sp.
	50
	NR
	acute
	79.0
	USEPA, 2001

	Hyalella sp.
	50
	NR
	chronic
	0.2747
	USEPA, 2001

	Snail
	60
	NR
	acute
	118
	ERA, USEPA 2002

	Snail
	60
	NR
	chronic
	10.36
	ERA, USEPA 2002

	Snail
	50
	NR
	chronic
	6.241
	USEPA, 2001

	Snail
	50
	NR
	chronic
	3.723
	USEPA, 2001

	Tubificid worm
	60
	NR
	acute
	3464
	ERA, USEPA 2002


B6.6 Effects of Lead (D-Pb)Toxicity to Brown Trout 

There is a paucity of data for lead toxicity to brown trout and other trout species (Table B17). Acute LC50 values ranged from 471 – 4100 µg/L Pb, while chronic values and doses that resulted significant mortality ranged from 10 ug/L in soft low-alkalinity water for rainbow trout to 162 µg/L for brook trout (Table B15).  Similar to results for D-Zn and cadmium, chronic values for brown trout fell between these two species at 79 ug/L.  Brook trout were less sensitive to Pb, where deformities didn’t occur until exposure to 83 µg/L.  In water with lower alkalinity, the concentration at which no observable effect was observed for rainbow trout was greatly lowered to between 7.2-14.6 µg/L (Table B17).  Alkalinity, and thus the potential for binding between lead and bicarbonates in the water, clearly has a strong influence on toxicity of lead to fish.

No effect (NOEC) and lowest effect concentration (LOEC) based on mortality that occurred for brown between 60- 105 µg/L, deformities were observed as low as 45 µg/L (Davies and Brinkman 1994c). In terms of State TVS, after normalizing for site hardness are 36 µg/L (acute) and 1.4  µg/L (chronic)(WQCC, 2001). Based overall lack of data on D-Pb effects on brown trout (Table B17) we recommend that the TVS  concentrations to protect brown trout from chronic effects

Table B17. Reported literature values for D-Pb toxicity in trout.
	TAXA
	AGE
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Brook trout 
	NR
	44
	38 wk
	Chronic-

mortality
	162
	Holcombe et al. 1976

	Brook trout 
	NR
	44
	38 wk
	Chronic - deformity
	83
	Holcombe et al. 1976

	Brook trout 
	NR
	44.3
	96-hr
	acute
	4100
	Holcombe et al. 1976

	Brown trout 
	Fingerlings
	37 (alk=40)
	6-7 mo
	Chronic- deformity
	45
	Davies and Brinkman  1994c

	Brown trout 
	Fingerlings
	37(alk= 40)
	6-7 mo
	Chronic-Mortality
	79
	Davies and Brinkman  1994c

	Brown trout
	Fingerlings
	37(alk=40)
	6-7 mo
	NOEC-LOEC
	60-105
	Davies and Brinkman  1994c

	Rainbow trout
	Fingerlings
	37(alk=40)
	6-7 mo
	Chronic-deformity
	<45
	Davies and Brinkman  1994c

	Rainbow trout 
	Fingerlings
	37(alk=40)
	6-7 mo
	Chronic-mortality
	<79
	Davies and Brinkman  1994c

	Rainbow trout 
	Fingerlings
	37(alk=40)
	6-7 mo
	NOEC-LOEC
	60-105
	Davies and Brinkman  1994c

	Rainbow trout 
	NR
	290
	96-hr
	acute
	471
	Goettl et al. 1974

	Rainbow trout 
	NR
	385
	96-hr
	acute
	542
	Goettl et al. 1974

	Rainbow


	NR
	30? (alk=26)
	6-mo
	NOEC-LOEC
	7.2-14.6
	Davies et al. 1976

	Rainbow
	NR
	30? (alk=26)
	6-mo
	Chronic-mortality
	10
	Davies et al. 1976

	Rainbow trout 
	NR
	30
	18 d
	Chronic-mortality
	140
	Davies and Everhart 1973


B6.7  Effects of Lead (D-Pb) Toxicity to Macroinvertebrates 

Also similar to results for D-Cd and zinc, invertebrates appeared to be less sensitive to lead than fish taxa (Table B18). Again, Daphnia appeared to be the most sensitive invertebrate (517 µg/L acute LC50). Drunella mayfly chronic LC50’s were consistent across two studies (3500 µg/L). The large-bodied stonefly Pteronarcys was less sensitive with chronic LC50’s ranging from 19200 – 20000 µg/L.  Acute and chronic values reported for Tanytarsus chironomids ranged broadly (258µg/L chronic to 224000 µg/L acute).  Harrahy (2000) reported that Chironomus midge were sensitive to lower levels of lead in sediment (37.1 µg/L).  

Table B18. Reported literature values for D-Pb toxicity in macroinvertebrates
	TAXA
	AGE
	HARDNESS
	TIME
	TYPE
	LC50 (µg/L)
	REFERENCE

	Mayflies

	Drunella mayfly
	NR
	NR
	12 d 
	chronic
	3500
	Nehring 1973

	Drunella mayfly
	NR
	30-70
	14 d
	chronic
	3500
	Nehring 1976

	Stoneflies

	Pteronarcys stonefly
	NR
	NR
	11 d
	chronic
	>20000
	Nehring 1973

	Pteronarcys stonefly
	NR
	30-70
	14 d
	chronic
	>19200
	Nehring 1976

	Dipterans

	Chironomus midge
	NR
	90
	10d
	chronic
	37.1 (sediment)
	Harrahy 2000

	tanytarsus midge
	NR
	46.8
	10 d
	chronic
	258
	Anderson et al. 1980

	tanytarsus midge
	NR
	NR
	48-hr
	acute
	224000
	Call et al. 1983

	Other invertebrates

	Daphnia
	NR
	54
	48-hr
	acute
	517
	Chapman et al. 1980


B6.8
Summary and Recommendations 

Results from acute and chronic studies on D-Zn, D-Cd, and D-Pb varied widely for each taxa, regardless of similarities in water hardness and other study parameters.  Occasionally, key elements of the study design (length of time, organism age or stage, and water hardness) were not reported.  Furthermore, with the exception of D-Zn, the diversity of studies on toxicity of D-Pb and D-Cd were lacking. In general many toxicity tests are performed using daphnia and chironomid larvae and rainbow trout.  This variability and lack of information made it difficult to draw solid conclusions about how taxonomic groups differed in their responses to these metals.  General patterns included the fact that fish tend to be more sensitive to these metals than invertebrates, especially small fish or fish at early life-stages.

Based on this literature review data our overall recommendations would include adoption of a site-specific ELS hardness based criterion for D-Zn, similarly, we are recommending a hardness based equation for acclimated brown trout as the chronic standard for D-Cd.  Finally, in terms D-Pb, we would suggest that the hardness-based equations outlined in the TVS should be maintained as appropriate levels of protection (Table B19).    

Table B19- Overall UAA Recommendations for D-Zn, D-Cd, and D-Pb

	
	D-Zn


	D-Cd
	D-Pb

	UAA Recommendation


	ELS Equation

(acute and chronic)


	Acclimated Adult Trout Equation (chronic)
	TVS
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� Defined as mortality in 50% of the test organisms in a study period, usually 96 hours. 


� Defined as the fish, macroinvertebrate, and plant communities in the river.


� Lotic defined as water environments that have unidirectional water movement such as rivers and streams


� Defined as a suspension of very fine particles in a substance such as water, these particles do not settle out easily and are not readily filtered. 


� A chemical reaction involving molecule loss


� Defined as the diffusion of  fluid through a semipermeable membrane until there is an equal concentration of fluid on both sides of the membrane. 


� Define as the maintaining optimum and constant pressure (osmotic) across a semipermeable membrane.


� Any protein produced by an organism to function as biochemical catalyst.


� Thin layers that make up the gill.


� NA:  Data not reported, known, or available. 


� The acute and chronic standards are approximately the same, with the chronic standard being slightly higher at increased hardness values. 


� Data collected from the Animas R,; Arkansas R.; Blue R., Eagle R,; French G.; Peru Crk,;  & Snake R.


� Due to the lack of studies conducted at high hardness levels that included brown trout, data from brook, and rainbow trout were also used in analysis. 


� Current TVS 


� Acute based on Equation : 0.938[e(0.7409(LnHardness)-4.719)]


� 4th Instar





� 10 –12mm.


� Small 
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