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Sediment and Interstitial Water Toxicity to Freshwater Mussels and the 
Ecotoxicological Recovery of Remediated Acid Mine Drainage Streams 

 
Matthew Larson Simon 

(Abstract) 
 

The river drainages originating in the Cumberland region of Virginia, Tennessee 

and Kentucky are home to some of the last surviving and most diverse assemblages of 

native freshwater mussels.  This region of the country also has historically and continues 

to be a major source of coal for the United States.  Numerous experiments were carried 

out in an attempt to determine what ecotoxicological effects these activities have had on 

mussels as well as what has been done to correct some of the most severe cases of 

environmental pollution due to historical coal mining operations.  Analysis of interstitial 

water (IW), sediment and in situ toxicity testing and chemical analyses showed that the 

most likely cause for mussel declines was elevated metal concentrations (Al, Cu, Fe, Pb) 

found in IW.  Ecotoxicological assessments of the two streams (Black and Ely Creeks) 

most impacted by acid mine drainage (AMD) in the state of Virginia were carried out to 

determine their potential for future degradation of the Powell River watershed into which 

they drain.  The Powell River is a major system still inhabited by native mussels.  

Sophisticated wetland systems built at Ely Creek have significantly improved the 

ecological health of Ely Creek, decreasing the pollution into the Powell River.  

Reclamation and wetland construction at Black Creek have had a positive impact but 

active coal mining and un-remediated AMD are still negatively affecting this system.  

After the watershed has been fully reclaimed the discharge from Black Creek will likely 

be improved. 
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1.  An Ecotoxicological Assessment of Sediments, Interstitial Water and the 

Water Column from the Tennessee River Basin 

 

Abstract.  Assemblages of native freshwater mussels in the Appalachian region of the United 

States are rapidly declining, due likely to anthropogenic activities.  Acute toxicity tests using 

Ceriodaphnia dubia were done on water column and interstitial water (IW).  Chronic tests were 

conducted using C. dubia for IW, Daphnia magna for sediment tests and Villosa iris for IW and 

sediments, from samples throughout the Tennessee River drainage.  Asian clam (Corbicula 

fluminea) in situ testing was also conducted at each site along with chemical analysis of IW and 

sediments.  Multivariate and graphical analysis of the data using principle components analysis 

determined that IW metal concentrations were highly correlated (r= 0.9728-0.1109) and these 

were most consistently, although not significantly, correlated with impaired toxicological test 

results.  Metal concentrations of IW were positively correlated with percent coal in the 

sediments, suggesting that coal particles in the sediments may be the source of toxicity.  Acute 

toxicity of coal slurry was tested using C. dubia, Lampsilis ovata and Epioblasma capsaeformis.  

Survivorship ranged from 80 to 100% after 48-h, using C. dubia; however, the juvenile mussels 

exhibited significant mortality after 96 hours in concentrations ranging from 6.25 to 100% coal 

slurry, indicating that coal slurry can contribute to toxicity in the sediment but not in the water 

column. 

1.1 Introduction 

The Appalachian region of the United States has some of the richest and most diverse 

communities of native freshwater mussel (Unionidae) species in the world, but these 

communities are threatened and many species have become increasingly rare or extinct (Ahlstedt 
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and Turberville, 1997, Anderson et al., 1991, Neves, 1991), and many are on both state and 

federal endangered species lists (Parmalee and Bogen, 1998). There are numerous 

anthropogenically derived stressors contributing to mussel decline, but one of the most severe is 

coal-mining (Diamond and Serveiss, 2001, Diamond et al., 2002, Soucek et al., 2003).  

Population ranges for mussels in this region; known as the �Cumberlandian Fauna� (Stansbery, 

1973), coincide very closely with the coal reserves found in the southern Appalachian states of 

Kentucky, Tennessee, Virginia and West Virginia. 

 Besides the well known negative effects directly due to coal mining such as 

sedimentation, acid mine drainage (AMD), and water quality degradation, (Bonta and Dick, 

2003, Brake et al., 2001, Merricks et al., 2002, Stewart and Skousen, 2003), various post-mining 

and coal-processing steps are also detrimental to the health of aquatic systems.  Processing units 

wash and separate bulk coal to rid it of debris and high sulfur coal that would increase fired ash 

content and sulfur dioxide emissions, putting coal-burning utilities out of compliance with the 

Clean Air Act (1990).  Along with ash-forming debris, small bits of pulverized coal, known as 

coal fines, are also washed away.  These fines are generally contained and sluiced into holding 

impoundments within a larger coal refuse area.  Up to 50% of unprocessed coal may be removed 

to refuse piles or impoundments (Daniels and Stewart, 2000).   

Releases from coal fine impoundments are commonly known as �Blackwater events�.  

Unintentional releases are most often due to impoundment dike failure or transport pipe rupture, 

while intentional releases happen secretly and infrequently. There has been little research done in 

this field to describe the effects that can be directly attributed to any specific blackwater event 

(US EPA, 2002a).  Besides coal-fines, blackwater events release, into the environment, various 

compounds used by coal processing plants to separate the fine coal fraction, including coal 

flocculants and fuel oil (Fitzpatrick and Vallario, 1981).  Latimer (1999) analyzed an accidental 

coal slurry spill in Meigs County, Ohio and found both the water column and sediments to be 
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acutely toxic due to the pulse of pollutants and 100% mortality was recorded during a chronic 

test of a coal mining effluent using Ceriodaphnia dubia (Kennedy et al., 2003).  Acute 

toxicological analysis of a suspected blackwater event in Garden Creek, Buchanan County, VA, 

generated an extremely low (toxic) water column 50% lethal concentration (LC50) to C. dubia, of 

8.67% with the water column conductivity being 18,430 µmhos cm �1 (unpublished data). 

Both environmental and economical pressure is applied to the coal industry to limit the 

amount of coal released into waterways.  There are many technologies used to separate coal fines 

from wash-water, including cyclonic and chemical separation and the use of closed circuit water 

washing systems (Fitzpatrick and Vallario, 1981).  The use of these technologies leads to the 

presumption that the majority of new coal being released into the environment is from non-point 

source runoff (coal yards, staging areas, etc.) and from blackwater events.  Historical washing 

activities have also left coal fines in stream sediments.  Large quantities of coal fines have been 

found at many historically productive mussel shoals (personal communication Steve Ahlstedt, 

USGS Water Resources Division) and it has been proposed that these coal fines are having 

negative effects on the survival and recruitment of mussels in these shoals.  

The suspected agent of toxicity for this study is a class of compounds known as 

polycyclic aromatic hydrocarbons (PAHs).  These hydrocarbons are derived from anthropogenic 

sources such as petroleum distillates, industrial effluents and the burning of coal and other fossil 

fuels (Aas et al., 2001, Lu et al., 2004, Ma et al., 1987, Shorten et al., 1990). The toxicity of 

PAHs has been demonstrated in aquatic systems from both sediments and interstitial water (IW) 

(Leppanen et al., 1998, Ma et al., 1987, Roper et al., 1996).  Being a large class of organic 

molecules, PAHs are toxic in a number of ways but they are generally considered to be 

mutagenic carcinogens that cause tumors and lesions in various internal organs (Lu et al., 2004, 

Miller and Olejnik, 2001, Payne et al., 1978).  Ortis and Giesy (1987) have demonstrated acute, 

photo-induced toxicity to the fathead minnow (Pimephales promelas) due to PAH exposure, 
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while Aas et al. (2001) found the presence of skin ulcers and fin erosion, as well as the 

aforementioned mutagenic effects, due to PAH contamination in wild fish populations in 

Norway.   

The concern about coal fine-PAH toxicity in mining impacted streams is not without 

merit.  It has been determined that coal fine-contaminated sediments desorb PAHs into 

surrounding water (Shorten et al., 1990).  Ma et al. (1987) found PAHs to be bioavailable from 

coal fines and elevated concentrations of organic molecules have also been found in wastewaters 

formed from coal processing (Racovalis et al., 2002).  Alternately, the hydrophobic nature of 

PAHs makes them readily adsorb to sediments from the water column.  This means that animals 

consuming particulate matter from sediments will be exposed to the adsorbed PAHs (Carr and 

Nipper, 2003).  PAHs can accumulate in mussels, even when water column levels are very low 

or undetectable (Roper et al., 1996, Walker et al., 1999) and due to their sedentary and benthic 

habits, bivalves have been successfully used to detect the presence of PAHs (Richardson et al., 

2003, Widdows et al., 1998).  Toxicity and bioaccumulation of PAHs in other benthic 

macroinvertebrates has been well documented (Booij et al., 2002, Leppanen et al., 1998, Moring 

and Rose, 1997, Richardson et al., 2003, Roper et al., 1996, 1997).  

Lu et al. (2004) found that interstitial water (IW) concentration of the PAH 

benzo[a]pyrene is the main determining factor in predicting biological uptake in oligochaete 

worms.  This is cause for concern for native mussel populations because their similar benthic 

lifestyle means that they have constant contact with IW throughout their lifetime.  Juvenile 

mussels are at higher risk than adults because their small size keeps them in proportionally more 

contact with IW, increasing the likelihood of exposure to contaminants in IW (Carr and Nipper, 

2003, Williams-Warren et al., 1995).  They also pedal-feed interstitially rather than siphon from 

the water column, increasing their exposure to IW contaminants (Yeager et al., 1994).  All of 

these factors make the toxicity of sediments and IW in coal-contaminated systems a pressing 



 5

concern for the conservation of native mussels, owing to the fact that except for a brief parasitic 

life stage, they spend their entire lives on or in the sediments at individual shoals (Neves, 1991).  

The objective of this study was to determine what IW, water column and sediment contaminants 

were most likely contributing to mussel decline in the Tennessee River basin.   

Field Season I (2004) 

1.2 Materials and Methods 

1.2.1 Study Sites 

 Samples were collected in 2004 at 17 sites within the Tennessee River drainage in the 

states of Virginia, Tennessee and Kentucky.  Major watersheds encompassed by this drainage 

and included in this study were the Big South Fork of the Cumberland River (BSFCR) and its 

tributaries, Emory River, Clinch River and its tributaries and the Powell River (Table 1).  Sites 

were chosen by members of the USGS and corresponded to sites that had been monitored in the 

past for mussel productivity. 

1.2.2 Interstitial Water Collection 

 The IW was collected from depositional zones at each site using nylon-screen diffusion 

samplers (peepers) similar to those described by Vroblesky et al. (2002).  Peepers are the 

preferred method for IW collection when possible because they minimally disturb the sediments 

and due to their long equilibration times, give a more accurate representation of the IW 

constituents (Nipper et al., 2003).  The peepers were constructed using 250-ml amber glass wide-

mouth jars with holes (32 mm diameter) cut out of the plastic top.  Amber glass was used to 

prevent photolysis of PAH compounds (Miller and Olejnik, 2001).  The peeper bottles were 

filled completely with de-ionized water and 105 µm nylon mesh was then inserted under the lid 

and secured in the threads between the jar and lid.  The peepers were deployed at each site 
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approximately 10 cm into the sediment and secured to a rebar stake with nylon twine.  Peeper 

bottles were allowed to equilibrate for a minimum of three weeks (Vroblesky et al., 2002, 

Webster et al., 1998) after which the IW was transferred to 1-L polyethylene bottles and 

transported back to the lab on ice where they were refrigerated at 4û C until used for testing.  

Water column samples were collected at each site in 1-L polyethylene bottles and transferred to 

the lab for testing as above. 

1.2.3 Ceriodaphnia dubia Acute Toxicity Testing 

Unfiltered water column and IW toxicity tests were conducted following US EPA 

protocols for 48 h static, non-renewal toxicity testing (US EPA, 2002b).  Samples were collected 

from each site for toxicity testing using C. dubia.  Four, 50-ml glass beakers with five neonates, 

<24 h old, were used for testing each site and mortality was recorded after 48 h.  Synthetic 

moderately hard water, prepared according to US EPA (2002b) was used for control replicates.   

1.2.4 Daphnia magna Sediment Toxicity Testing  

 Sediment samples were collected from each site and transported in plastic bags on ice to 

the laboratory where samples were refrigerated at 4° C until tested.  Sediment toxicity tests were 

run for all sites using Daphnia magna, according to ASTM (1995) and Nebecker (1984) with 

some modifications.  Tests were run in 250-ml glass beakers with 50 ml of sediment and 150 ml 

of stream water for every replicate.  Stream water was collected from Sinking Creek (Giles Co., 

VA), which has been used successfully in the past for both testing and organism culturing.  Each 

site had four replicates with five D. magna in each.  Each replicate was changed over daily for 10 

days by carefully decanting approximately 100 ml of water, taking care to neither injure the test 

organisms nor disturb the sediment.  Test chambers were then re-filled with filtered Sinking 

Creek water and fed a daily diet of Selenastrum capricornutum.  Both mortality and reproduction 
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were recorded daily, removing the dead adults and neonates.  Results were compared among 

sites and against a control that consisted of 50 ml of acid-washed play sand instead of natural 

sediment and Sinking Creek water.   

1.2.5 Asian Clam in situ Testing (8-9-04 to 9-16-04) 

Asian clams were collected from the New River near McCoy Falls, VA, and measured 

from hinge to ventral margin, prior to and following exposure using Fowler Pro-Max electronic 

digital calipers, measuring to the nearest 0.01 mm.  Only clams between 8 mm and 13 mm were 

used.  Using 18 x 36-cm mesh bags (0.5 cm2 mesh size), five replicate bags with five clams per 

bag were secured into the sediment at each site with rebar.  The bags were collected after 6 

weeks and both mortality and growth were recorded.  Mortality was based upon both valves 

being open or easily opened with a prying tool and growth was analyzed only for living clams by 

comparing mean initial size to mean final size for each bag.   

1.2.6 Ceriodaphnia dubia Interstitial Water Chronic Toxicity Testing 

 The 7 d chronic toxicity testing was done for IW following US EPA protocols (US EPA, 

2002c).  Ten replicates with one organism (C. dubia) each were used, with mortality and 

reproduction being measured.  All tests were changed over daily unless IW volume was limited 

(Emory River and Coal Creek in 2004), which were changed over every other day.  All test 

replicates were fed a daily diet of 0.4 ml 1:1, Selenastrum capricornutum: Yeast-Cerophyll-Trout 

chow (YCT).   

1.2.7 Villosa iris Sediment/IW Toxicity Testing Design    

The development of a protocol for a combined sediment/IW test for juvenile mussels was 

a major portion of this study.  The IW volumes were the main limiting factor for this test with 

regards to scale, so the design of the test had to minimize IW volumes while allowing enough 
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volume for adequate aeration, feeding, dilution of biological wastes, etc.  The final volume of 

sediment and water decided upon for each test was 150 ml of sediment, 150 ml of IW and 100 ml 

of overlay water (Figure 1).  These volumes were both sufficient for the biological functions of 

the juvenile mussels and consumed manageable volumes of IW. 

The design of the interior testing chambers for the isolation of the juvenile mussels 

during testing was a modification of work done by both Valenti et al. (2005) and Keller et al. 

(1999).  Valenti et al. (2005) successfully used test chambers with a 25 mm diameter circular 

area in which juvenile mussels were kept in silt.   Keller et al. (1999) utilized a test design in 

which the juvenile mussels were held in larger (5 cm diameter) glass cylinders but with screens 

on the bottom so the mussels would be in contact with silt that was added to each test chamber.  

The combined design for this study resulted in cylindrical glass (cut from test tubes) individual 

testing chambers with an interior diameter of 25 mm, into which a 150 µm nylon screen was 

epoxied allowing contaminants from the sediment to flow through (Figure 2).  Five individual 

testing chambers with five juvenile mussels each (n=25) were used for each site (Figure 1).   

1.2.8 Villosa iris Sediment/IW Toxicity Testing Protocols 

 Twenty-one d sediment/IW toxicity tests were run using juvenile Villosa iris mussels in 

600 ml glass beakers, to which approximately 150 ml of site sediment had been added.  Five 

testing chambers were placed into each beaker with the mesh contacting the sediment (Figure 1).  

One hundred fifty ml of IW and 100 ml of filtered Sinking Creek water were carefully poured 

into each glass beaker.  Sinking Creek water was added to mimic the dilution effects that would 

be found in a natural stream (Doe et al., 2003).  Silt, extracted from New River (near McCoy, 

Montgomery Co., VA) sediments using a 150 µm steel screen, was autoclaved for 15 min and 

aerated for 48 h to sterilize and remove toxicants.  Two ml of silt was added to the top of the 

nylon mesh in each testing chamber using a disposable polyethylene transfer pipette as silt has 
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been found to be vital in the long-term survival of laboratory-grown juvenile mussels (Hudson 

and Isom, 1984).  Five V. iris juveniles were placed, using a glass transfer pipette, in each testing 

chamber after their initial sizes were measured along the anterior/posterior cross-section, using 

an ocular micrometer on a Zeiss stereoscope at 10 x power.  The overlaying water was siphoned 

off every three d and replaced with newly mixed IW and Sinking Creek water. All test replicates 

were aerated for the duration of the test to ensure adequate dissolved oxygen levels and fed a 

daily diet of Neochlorus spp. algae.  An identical control consisting of 150 ml of acid washed 

and de-ionized water rinsed play sand and 250 ml of Sinking Creek water was run with each 

round of testing.                                 

Villosa iris juveniles were obtained from the Buller Fish Cultural Station, Marion, VA 

and were 14 weeks old for the first round of testing (10-04) (brought to Marion on 6-24-2004).  

For the second round (12-04) they were 23 weeks old.  The testing chambers were removed after 

21 d, the silt was rinsed through the screen with Sinking Creek water and the mussels (dead and 

alive) were rinsed onto a watch glass for determination of mortality and final shell measurement.  

Mussels were determined to be dead if both valves were open and failed to respond to stimuli or 

there was no movement of the mussel for three min.  If the mussels were alive, their final sizes 

were measured as above and compared to their original size.  Growth measurements were 

compared using differences among mean testing chambers. 

1.2.9 Chemical Analysis of Sediments and Interstitial Water 

 Samples of sediments were taken to the U.S. Geological Survey (USGS) National Water 

Quality Laboratory (NWQL) for determination of percent coal and PAH content.  Interstitial 

water samples were analyzed for a suite of nutrients, metals and PAHs at the USGS NWQL as 

well.   
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1.2.10 Statistical Analysis 

 Differences in survival, growth and reproduction for all toxicity tests were compared 

using ANOVA and Student�s t-test, to test for significant differences at the 95% confidence level 

using JMP IN® 5.1 software.  Multivariate analyses were performed to determine any 

correlations in the data set (α=0.05).  A principle components analysis (PCA), an exploratory 

technique used to summarize the relationships between many variables to determine if there are 

correlations between them, was performed to determine how the numerous parameters measured 

were related to one another (Sall et al., 2005).   

1.3 Results & Discussion 

1.3.1 Ceriodaphnia dubia Acute Toxicity Testing 

 Water column and IW samples were tested for acute toxicity for screening purposes, and 

all sites sampled in 2004 had 90-100% survival for water column and IW samples, except for the 

Guest River and North White Oak Creek, which had 80% and 85% survival in IW, respectively 

(Table 2).  Control survivorship ranged from 90-100% for all tests.  These tests indicated that the 

source of any mortality at these sites was probably not from an acutely toxic water column, but 

chronic effects from the sediment and/or the IW. 

1.3.2 Daphnia magna Sediment Toxicity Testing 

 Sediment toxicity tests were run with D. magna.  Sediment samples were collected at 

four different times during the season; therefore, the toxicity tests were run in a series of four 

blocks, which had a confounding effect when trying to analyze sites for toxicity.  Mortality at all 

sites ranged from 0-35%, but due to the temporal variability and small sample size in each of the 

testing blocks (n=4-6 sites), no sites had significantly lower mortality than their controls (all 

controls had 0% mortality).  Comparing the mortality among all sites without accounting for the 
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block variability, however, showed significantly higher mortality for Clear Fork (25%), White 

Oak Creek (35%), Jonesville (25%) and Freedom Church Ford (25%) (Table 2).  Jonesville and 

Freedom Church Ford were the only two that had any statistically significant reproductive 

impairment compared to their respective controls with an average of 162.5 and 140 neonates, 

respectively (Table 3).  Control reproduction was highly variable, so reproduction data could not 

be compared among tests.   

1.3.3 Asian Clam in situ Testing (8-9-04 to 9-16-04) 

Asian clam in situ testing was conducted to determine the combined in-stream effects on 

biota living in the environment after six weeks of exposure.  The only site to have statistically 

higher mortality was Indian Creek (12%); all other sites had 0 or 4% mortality (Table 2).  The 

three sites that had the lowest rate of growth were Crooked Creek (0.18 mm), North White Oak 

Creek (0.22 mm) and Freedom Church Ford (0.25 mm).  All other sites had mean growths 

ranging from 0.34 � 0.70 mm (Table 3).  Clam bags were not retrieved from three sites, Rough 

Shoals, Station Camp and Clear Fork.   

In situ testing allows experimenters to accurately measure the effect of in-stream 

conditions using organisms that have a known initial body condition and are ecologically 

relevant.  Due to their sedentary lifestyle as they filter-feed from the water column, coupled with 

their inability to avoid disturbances, bivalves have been shown to be excellent indicators of 

environmental perturbations when used for in situ testing (Salazar and Salazar, 1997).  Asian 

clams, specifically, have been used to detect a wide range of pollutants, ranging from heavy 

metal contamination to organic chemicals in both laboratory and field studies (Doherty, 1990).  

The results of this test indicate that environmental pressures at these sites are likely not acutely 

toxic but impact bivalve growth and long-term viability.  The 12% mortality at Indian Creek is of 

special concern because Indian Creek has been the point of many releases of juvenile mussels 



 12

and three federally listed endangered mussel species reside there (personal communication, 

Rachel Mair, Virginia Tech.  

1.3.4 Ceriodaphnia dubia Interstitial Water Chronic Toxicity Testing 

 The only site that had significant mortality due to IW exposure was North White Oak 

Creek (60%).  All other sites had mortalities statistically similar to the control (0%).  Three sites: 

White Oak Creek, Coal Creek and the Guest River, had 20% mortality (Table 2).  Among all of 

the sites, the two that had the most severe reduction in reproduction were White Oak Creek and 

North White Oak Creek with mean reproduction of 13.1 and 5.6 neonates, respectively (Table 3).  

Peeper bottles were not recovered from Clear Fork.  Toxicity testing with C. dubia allows for a 

toxicological analysis of the IW using a common testing organism.  It was unknown whether 

various in-stream habitats (water column, sediments, IW) were working in a synergistic manner 

to increase toxicity or if there was a specific portion of the stream ecosystem that was the major 

source of toxicity (i.e. sediment or water column alone), so testing IW alone is a critical step in 

determining site toxicity to be able to draw conclusions about the source of toxicity.  Results 

indicated that combined effects from sediment and IW are likely causing ecological degradation.   

1.3.5 Villosa iris Sediment/IW Toxicity Testing 

 The results from the V. iris 21 d sediment/IW toxicity test were highly variable, 

confounded by having two blocks of testing, similar to the D. magna testing.  Low control 

survivorship (56%) occurred during the first round of testing and only two sites had mortality 

near the established control limit of 20%; Clear Fork and Bale�s Ford, both had 28% mortality.  

Mortality ranged from 32-72% for the rest of the sites tested in the first round except for the 

Guest River that had 96% mortality after 21-d (Table 2).  Since Guest River sediment and IW 

were so toxic, it was concluded that this site was probably the most inhospitable stream to native 
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mussels in this study.  The growth data from the first round of testing lacked both variability 

(none grew well) and a clear pattern of toxicity.   

 The second round of testing was better in that survivorship was higher than the first 

round.  Mortality was 4% in the control from the second round as well as from two sites, Station 

Camp and Crooked Creek.  The only site to have significantly higher mortality (40%) was White 

Oak Creek (Table 2).  The variation between the two test dates is most likely due to the fact that 

the juvenile mussels were nine weeks older and the samples had been stored at 4° C for that 

period of time.  Of the study sites in the second round of testing, White Oak Creek had the 

lowest rate of growth (Table 3).   

The development of the juvenile mussel sediment/IW test is important in determining site 

toxicity because it focuses on the environment that they inhabit.  Yeager et al. (1994) found that 

juvenile mussels pedal-feed in the substrate, exposed mostly to the sediments and IW, with little 

exposure to the water column and this test mimicked these conditions closely.  The use of IW 

and sediments for testing with juvenile mussels has yet to be published and past studies have 

focused on either water column contaminants or sediment contaminants essentially disregarding 

the importance of IW and combined effects.   

1.3.6 Chemical Analysis 

Chemical analyses of collected site sediments and IW yielded unexpected results.  No site 

that was analyzed in 2004 had total PAH loads that exceeded the sediment quality guidelines set 

by Swartz (1999).  The �threshold effects level�, above which some impairment may occur, was 

87 µg g-1 total PAH and the highest total PAH level in this study was 16.99 µg g-1, found at Coal 

Creek (Table 4).  None of the individual PAHs analyzed in this study met or exceeded their 

individual PAH threshold effects level either.  These results indicated that sediment toxicity at 

these sites is most likely not due to PAHs as hypothesized, although PAH toxicity and detection 
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may have been compromised due to extended storage times before testing and analysis.  The site 

that had the highest percent coal in its sediments was the Emory River with 18.5% and the lowest 

was Clear Fork with 0% coal in its sediments (Table 4).  Sediment PAHs and percent coal were 

positively, but not significantly, correlated (r2=0.081, p=0.37) (Figure 3); however, the site with 

the highest PAH load (Coal Creek) had only the fifth highest percent coal.  Clear Fork, which 

had no measurable coal but did have detectable levels of PAHs in the sediments, showed the 

ubiquitous nature of PAHs. 

 The results from metals analysis of the IW provided a more plausible agent of toxicity, 

which was metal contamination in the IW (Table 4).  Of the trace metals analyzed in the IW, four 

of them (Al, cadmium [Cd], Cu, Fe, lead [Pb]) had at least one site with a value in excess of the 

criterion continuous concentration (CCC) set by the US EPA (2002d).  Nine of the 16 sites had 

Al values that were above the criteria maximum concentration (CMC), six of those by at least an 

order of magnitude.  All of the other sites except one had Al values above the CCC.  The Al 

levels for all sites ranged from 57 to 6000 µg L-1.  All but one site had values above the CCC for 

Fe, seven by an order of magnitude (860 to 29100 µg L-1).  There is no CMC value for Fe.  

Seven sites had Pb levels above the CCC and two others were very near it.  Rough Shoals, 

besides having the highest levels for Al, Fe and Pb, also had Cu and Cd values above the CCC.  

The IW metal concentrations for all of those above EPA limits, were all positively but not 

significantly, correlated with percent coal, indicating that coal fines in the sediments may be the 

source of the metal deposition in the IW (Figure 3). 

 Interstitial water supersaturated with metals has been documented in previous studies.  

Nembrini et al. (1982) found IW at the bottom of a deep (300 m) lake to be supersaturated with 

iron.  They made no comments on any ecological impacts that may occur, but a study of metal 

contaminated sediments at the Milltown Reservoir �Superfund� site in Montana (Brumbaugh et 

al., 1994) found levels of Al to be above theorized maximum concentrations (Adams et al., 
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2003).  Sites throughout that study were toxic to varying degrees.  Since levels of Al found in the 

present study and in Brumbaugh et al. (1994) could be considered either acutely or chronically 

toxic to aquatic organisms in the water column (US EPA, 2002b), the fact that all of the IW 

toxicity tests that were run were not toxic raises the question of the bioavailability of metals 

found in IW.  It is known that metals complex with inorganic constituents (Black et al. 1973) as 

well as with organic matter (Williamson & Burgess, 2003), altering the bioavailability and 

therefore the toxicity of the metal in question.  It should be noted that IW toxicity of both organic 

and metal contaminants is highly variable, depending upon contaminant, oxidation state, 

presence or absence of dissolved organic carbon, organic acids, etc. (Williamson and Burgess, 

2003).  The specific role of IW supersaturated by metals, especially Al, is beyond the scope of 

this chapter but warrants further investigation. 

1.3.7 Multivariate Analysis 

 A graph of the PCA with a Gabriel biplot revealed a high correlation between IW metal 

concentrations, which was supported by the multivariate analysis (Figure 4).  Percent coal in 

sediments and sediment PAH concentrations also were positively correlated.  No toxicological 

endpoint showed any significantly negative correlation to any chemical parameter; however, 

Asian clam growth was the most consistently negatively correlated biotic parameter to the metal 

data (Appendix 1). 

 Principle components analysis reduced the data to four components that explained 85.2% 

of the total variance in the original variables.  Variables heavily contributing to each of the four 

components were: IW concentrations of Al, Cd, Cu and Pb for principle component (PC) 1; IW 

C. dubia chronic test reproduction and Asian clam survival for PC 2; Asian clam growth and 

sediment PAH concentrations for PC 3 and IW Fe concentration for PC 4 (Table 5).  Since the 

first PC was comprised of only IW metals, these parameters could be grouped together as a 
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single variable (IW metal concentration) for use in further analysis.  The second PC consisted of 

toxicological results from two different organisms; had they been from the same or all of the 

organisms, the resulting PC could have been used to compare against IW metal concentration.  

 Had the PCA for this study shown more consistent correlations within the toxicity test 

results and chemical analyses a more detailed statistical analysis, such as multiple regression 

analysis, may have been possible using chemical and toxicological results as individual variables 

used to explain site toxicity.  Hecnar and M�Closkey  (1996) used PCA to reduce a large data set 

(12 variables) to four chemical components that were subsequently used in further multivariate 

analyses to describe the effects of pond water chemistry on amphibian populations.  Because of 

the high degree of variability associated with the temporal differences, the D. magna and V. iris 

chronic toxicity tests were excluded from this analysis.  Since a strictly statistical analysis of the 

data from 2004 was not possible, a weight of evidence approach was used which suggested that 

IW metal concentrations likely contributed the most to site toxicity.  

1.4 Conclusions 

 Being able to accurately assess the toxicity of both sediments and IW is an important 

aspect when considering freshwater mussel conservation plans.  The use of sediments, in concert 

with IW for toxicity testing can provide an integrated, more environmentally realistic test 

condition than using either one alone, allowing for a site assessment that would provide a more 

accurate predictor of mussel re-introduction success.  Sites that had consistently reduced 

toxicological endpoints from the range of analyses were: White Oak Creek, Guest River, Powell 

River at Jonesville and Indian Creek.  Sediment-bound PAHs were not found at deleterious 

levels at any site tested and chemical analysis indicated that IW metals may be the main cause of 

toxicity, as several metals (Al, Cu, Fe, Pb) were orders of magnitudes higher than set EPA limits 

for the water column.  The IW metal concentrations that were above EPA limits were all 
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positively correlated (r=0.9728-0.1109, p=0.05) (Appendix 1).  These results suggest that higher 

IW metal concentrations negatively impacted toxicity test results.  

The success of re-introduction and the stability of existing mussel assemblages may hinge 

upon knowing whether or not habitat that appears to be suitable may indeed be toxic.  Many 

smaller watersheds throughout the Tennessee River basin have been the recipients of numerous 

attempts at re-introduction efforts with many different species, including both threatened and 

endangered species.  Indian Creek in particular has three federally listed endangered species 

residing in it: purple bean (Villosa perpurpurea); tan riffleshell (Epioblasma florentina walkeri) 

and rough rabbitsfoot (Quadrula cylindrica strigillata) (personal communication, Rachel Mair, 

Virginia Tech) and the receiving Clinch River at Cedar Bluff, VA has been the release site for re-

introduction efforts (Mair and Jones, 2003, Mair and Neves, 2004).  Indian Creek had possible 

toxic effects from upstream mining and it has been the recipient recent active mining 

spills/releases that could cause those efforts to fail.   

Field Season II (2005) 

1.5 Materials and Methods 

1.5.1 Study Sites 

 The number of sites chosen for the second year of study (2005) was reduced to 12 (four 

new, eight old) (Table 1) to facilitate the addition of three coal preparation plant sites in 2005. 

Site selection for the second year was based on information gathered in 2004 to best represent 

the range of environmental perturbation.  The worst site in 2004, Guest River, was not tested in 

2005.  Sediments and IW were collected as before from the four new and existing field sites.  

 Water samples from the coal preparation plant sites were coal slurry as well as water 

from settling ponds located at the preparation plants.  Samples of coal slurry and yard runoff 

settling ponds were collected from the Harold Keene preparation plant, near Honaker, VA.  
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Samples of the process water tank and sump/settling pond (coal slurry) from a coal washery near 

Smokey Junction, TN on the New River (TN) were received from Greg Johnson (USGS Water 

Resources Division, Knoxville, TN).  Samples from the Tom�s Creek preparation plant at the 

sediment pond, surface runoff from the refuse pile and coal slurry were collected from 

Paramount Coal Co. holdings near Coeburn, VA.  Samples from the McClure River preparation 

plant (both an ambient temperature sample and one that was chilled immediately) and a sample 

from the Roaring Fork Deep Mine #3 runoff from the mouth of the mine were also taken.  The 

different chilling regimes for the McClure river slurry samples were collected to see if 

differences in temperature changed the toxicity of the sample.   

1.5.2 Ceriodaphnia dubia Acute Toxicity Testing of Coal Slurry 

Acute toxicity tests were conducted following US EPA protocols for 48 h static, non-

renewal toxicity testing (US EPA, 2002b).  Samples were collected from each site for testing 

with C. dubia.  Each sample was thoroughly mixed before being serially diluted in a 0.5 series to 

6.25%.  Four, 50-ml glass beakers with five neonates <24 h old were used for testing each 

concentration with mortality recorded after 24 and 48 h.  Synthetic moderately hard water, 

prepared according to US EPA (2002b), was used as dilution water.   

1.5.3 Juvenile Mussel Acute Toxicity Testing of Coal Slurry 

Acute toxicity testing (48 and 96 h) of coal slurry was conducted following US EPA 

(2002b) protocols modified for use with juvenile mussels.  Two species of mussels were used, 

Lampsilis ovata and Epioblasma capsaeformis, which were two and three weeks old, 

respectively.  Slurry samples were collected and diluted as before, except that dilution water was 

1:1, Sinking Creek water: de-chlorinated Blacksburg, VA tap water.  Eight, 50-ml glass beakers 

with five juvenile mussels were used for testing each concentration.  Four were removed after 
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48-h and mortality recorded and the same was done after 96 h. Test concentrations were fed 

Neochlorus spp. after 48 h.   

1.5.4 Ceriodaphnia dubia Interstitial Water and Villosa iris Sediment/IW Chronic Toxicity 

Testing 

 Chronic toxicity testing of IW and sediments using C. dubia and V. iris were performed 

as described above in sections 1.2.6 and 1.2.8, except that the water was changed over every 

other day for all replicates of the C. dubia test, to conserve IW.  Results from 2004 indicated that 

this would not negatively affect the test organisms.  Juvenile V. iris and silt were obtained from 

the FMCC.  The mussels were 7.5 mo old at the start of the test. 

1.5.5 Statistical Analysis 

For the acute testing of coal slurry using C. dubia, L. ovata and E. capsaeformis, an LC50 

was determined for each sample using US EPA Toxicity Data Analysis Software using the 

Spearman-Karber Method (US EPA 1994) and significant differences in survivorship among 

concentrations were determined using ANOVA and Student�s t-test, at the 95% confidence level 

using JMP IN® 5.1 software (Sall et al., 2005).  Differences in survival and reproduction from 

the C. dubia IW chronic test and differences in survival and growth from the V. iris chronic test 

were determined using ANOVA and Student�s t-test, at the 95% confidence level using JMP IN® 

5.1 software (Sall et al., 2005).  The toxicological endpoints from the C. dubia and V. iris 

chronic tests; mean growth, mean reproduction and mortality, were compared using linear 

regression to determine how similar the results of the two types of tests were (Sall et al., 2005). 
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1.6 Results & Discussion 

1.6.1 Ceriodaphnia dubia and Juvenile Mussel Acute Toxicity Testing of Coal Slurry 

 No difference was found between chilled and warm slurry and no LC50 was generated 

from any sample using C. dubia.  This test tried to determine if seasonality (winter vs. summer) 

had an impact on the acute toxicity of coal slurry to C. dubia.  The 48 h acute mussel tests had no 

toxicity but after 96 h both mussel species exhibited significant declines in survivorship (Table 

6).  No LC50 value was generated from the E. capsaeformis but L. ovata had sufficient mortality 

after 96 h to determine an LC50 concentration of 74.52% coal slurry showing the differences in 

sensitivity between species.  A water sample from a suspected blackwater event (this sample did 

not have a major coal fine component) taken by the US Fish and Wildlife Service from Garden 

Creek (2-26-04, Buchanan Co., VA) had very high conductivity (18.430µmohs cm-1) and was 

extremely toxic to C. dubia.  The sample generated an LC50 of 8.67% (Table 6). 

The C. dubia results indicate that any toxicity generated from coal slurry samples from 

these sites is likely due to smothering effects and acute toxicity to water column-dwelling 

organisms is unlikely.  Juvenile mussel testing provided results that would be applicable to 

benthic organisms, more affected by direct contact with the processed coal particulates.  The 

difference between the C. dubia and juvenile mussel results is likely due to the different habitats 

of the two organisms.  While daphnids can swim and feed above the settled coal-fines, the 

juvenile mussels must remain immersed and pedal-feed (Yeager et al., 1994) in the coal that 

settled out, illustrating the importance of using multiple test species when trying to determine the 

ecological effects of a specific perturbation.   

Coal slurry may be acutely toxic to aquatic organisms depending on what chemicals are 

used to separate the fine fraction from the water and accidental release from closed washing 

systems could impact aquatic systems.  Results from an accidental spill in Leading Creek 
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(Meigs, Co., OH) (Latimer, 1999) as well as the suspected blackwater event in Garden Creek, (2-

26-04) (Table 6), showed the water column to be acutely toxic.  Since the coal slurry samples 

tested in 2005 were not acutely toxic to daphnids and previous work has shown that slurry can 

be, the point must be made that toxicity due to coal slurry is likely dependent on what chemicals 

are used during processing.  The material safety data sheet (MSDS) for a cationic flocculent used 

by one coal preparation plant from this study listed a C. dubia, 48 hour LC50 of 0.33 mg/L and 

NOEC of 0.25 mg/L, illustrating that care must be taken to keep these substances out of the 

water supply (Waco Chemical and Supply, 2005).  Application rates at this site were unknown 

by the researchers.  Further testing, especially chronic juvenile mussel testing with numerous 

species, will be necessary to more completely understand the effects that coal slurry has on 

indigenous mussel assemblages. 

1.6.2 Ceriodaphnia dubia Interstitial Water Chronic Toxicity Testing 

 In 2005, no site had mortality that was statistically different than the control (10%), all 

had 0% mortality except for Station Camp, which had 10% mortality.  Pendleton Island had the 

greatest mean reproduction (56.2 neonates) while BSFCR above Bear Creek and Silcott Ford had 

the lowest with 37.7 neonates each (Table 7).  North White Oak Creek had the highest level of 

mortality in 2004 (60%) but improved to 0% in 2005 and the subsequent increase in survivorship 

increased neonate production at this site.  Control survivorship was similar for both years (100% 

to 90%), but reproduction increased from 2004 (28.8 neonates/adult) to 2005 (48.6 

neonates/adult).  Variation in test organism fitness is likely the cause of within-site differences 

between both years and these differences clearly show why variability in fitness must be 

accounted for when comparing data between test dates. 
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1.6.3 Villosa iris Sediment/IW Chronic Toxicity Testing 

 Mortality during the 2005 21 d V. iris sediment/IW toxicity test was lower than in the 

first round of testing in 2004, but similar to the results from the second round.  During 2005, the 

highest mortality was in the control (12%) and all site sediments and IW had mortality ranging 

from zero to eight percent (Table 7).  Mussel growth was generally greater in 2005 and the 

results more closely resembled the second round of testing, during which the mussels were older.  

In 2005, the two sites that had the greatest growth were Pendleton Island (0.58 mm) and Crooked 

Creek (0.56 mm).  In 2004, Pendleton Island had relatively high growth, while Crooked Creek 

was relatively low.  During 2005, N.R. near Smokey Junction had the least amount of growth 

(0.06 mm); however, the site that most consistently produced low growth was Indian Creek (0.12 

mm) (Table 7).  The N.R. near Smokey Junction was not tested during 2004.  Although mussel 

survivorship was relatively high during both years, the low growth during both years at Indian 

Creek suggests that juvenile mussels at this historically productive site may be subject to stress, 

jeopardizing the future success of natural recruitment as well as cultured and released mussels. 

 Since the C. dubia and V. iris chronic toxicity tests in 2005 were run simultaneously, 

comparisons between the two types of chronic tests were possible.  Lines of fit that were 

significant from these comparisons found that, as expected, increased V. iris mortality and 

decreased V. iris growth coincided (r2=0.54, p=0.0042) and that as C. dubia reproduction 

increased, V. iris growth did as well (r2=0.37, p=0.0276) (Fig. 5: c and d).   Trends that were 

evident but not significant were as V. iris mortality increased, C. dubia mortality increased; as V. 

iris mortality decreased, C. dubia reproduction increased; and as V. iris growth decreased, C. 

dubia mortality increased (Fig.5: b, e and f, respectively).  The statistically non-significant 

regression lines from Figure 5: a, b, e, and f were relatively flat when compared to the significant 
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lines found in Figure 5: c and d.  Low levels of mortality, especially during the C. dubia chronic 

test, likely contributed to the results of those analyses being not statistically significant.    

1.7 Conclusions 

 Examination of the reproduction and growth results from the testing of site sediments and 

IW indicate that Indian Creek, BSFCR upstream of Bear Creek, N.R. at Silcott Ford, N.R near 

Smokey Junction, and possibly Callahan Creek and the Powell River near Jonesville all have 

sediment and IW that is toxic to C. dubia as well as V. iris.  The mode of toxicity of coal slurry is 

such that organisms residing in the water column would likely not be severely affected but it can 

be acutely toxic to benthic organisms.  The importance of multiple test species from different 

habitiats to determine toxicity was shown, and using only one type of test organism does not 

provide an accurate endpoint to determine site toxicity. 
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Figure 1.  Diagram of test design developed for 21-d juvenile mussel sediment/interstitial water 
toxicity test. 
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Figure 2.  Diagram of individual testing chamber developed for 21-d juvenile mussel 
sediment/interstitial water toxicity test. 
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 a.  Bivariate fit of IW Al by percent coal.                      b.  Bivariate fit of IW Cd by percent coal. 
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c.  Bivariate fit of IW Cu by percent coal.                      d.  Bivariate fit of IW Fe by percent coal. 
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e.  Bivariate fit of IW Pb by percent coal.        f.  Bivariate fit of sediment total PAH by 
                 percent coal. 
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Figure 3.  Bivariate fits of interstitial water (IW) aluminum (Al), cadmium (Cd), copper (Cu), 
iron (Fe), lead (Pb) and sediment total polyaromatic hydrocarbon (PAH) concentrations 
compared to percent coal in sediments from 2004. 
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Figure 4.  Three dimensional Gabriel biplot of principle component analysis of 2004 
ecotoxicological parameters including: Ceriodaphnia dubia 7 day interstitial water (IW) chronic 
test survival (IW-S) and reproduction (IW-R); Asian clam (Corbicula fluminea) survival (AC-S) 
and growth (AC-G); Daphnia magna survival (DM-S); IW metal concentrations of aluminum 
(Al), cadmium (Cd), copper (Cu), iron (Fe), lead (Pb); sediment polyaromatic hydrocarbon 
concentration (PAH) and percent coal in sediment (%C).  The first principle component (PC) is 
marked as the X-axis, the second PC is the Y-axis and the third PC is the Z-axis. 
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 a.  Bivariate fit of C. dubia reproduction               b. Bivariate fit of V. iris mortality by C.      
      by C. dubia mortality.                dubia mortality 

r2=0.0017, p=0.8931                                 r2= 0.088, p=0.3245 
 
c.  Bivariate fit of V. iris mortality by              d.  Bivariate fit of V. iris growth by C.            

V. iris growth.       dubia reproduction. 

                  r2=0.54, p=0.0042                             r2=0.37, p=0.0276 
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e.  Bivariate fit of V. iris mortality by               f . Bivariate fit of V. iris growth by C. dubia    
reproduction.                                                      dubia mortality. 
 

 

                 r2=0.075, p=0.3655                                                     r2=0.084, p=0.3372 
 
Figure 5.  Bivariate fits of mean reproduction and growth values and percent mortality from 
Ceriodaphnia dubia interstitial water and Villosa iris sediment/interstitial water chronic toxicity 
testing in 2005.   
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Table 1.  Site names and latitude and longitude for 2004 and 2005 field study sites. 
 

Watershed 
Site Latitude Longitude Year Studied 
Mainstem Big South Fork of the Cumberland River (BSFCR) 
 Rough Shoals 363029 843803 2004 
 Station Camp 363251 843953 2004 / 2005 
Upstream of Bear Creek 363737 843200 2005 
Tributaries to BSFCR 
New River (N.R.) @ Braytown  360934 842201 2004 
N.R. @ Silcott Ford 362416 843533 2004 / 2005 
Clear Fork 362313 843744 2004 
Crooked Creek 361922 844717 2004 / 2005 
North White Oak Creek 362718 844019 2004 / 2005 
White Oak Creek 362115 844124 2004 
Little SFCR @     
Freedom Church Ford (FCF) 364755 843551 2004 
Smokey Creek 361423 842448 2005 
N.R. near Smokey Junction 361808 842314 2005 
Emory River 
Emory River 360402 843941 2004 
Clinch River 
Pendelton Island 364542 823526 2004 / 2005 
 Kyles Ford 363404 830233 2004 
Tributaries to Clinch 
Indian Creek 370516 814532 2004 / 2005 
Guest River 365546 822723 2004 
Coal Creek 361112 841104 2004 / 2005 
Powell River 
 Jonesville 363943 830542 2004 / 2005 
 Bales Ford 363456 831959 2004 
Tributaries to Powell 
Callahan Creek 365434 824704 2005 
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Table 2. Mortality data from 2004; seven day Ceriodaphnia dubia, 10 day Daphnia magna, 21 
day Villosa iris, Asian clam in situ and 48 hour water column (WC) and interstitial water (IW) C. 
dubia toxicity testing.              
             

Watershed 
7 day 

chronic 10 day chronic 21 day chronic Asian clam 48 hour WC 48 hour IW
Site % mortality a % mortality a % mortality a % mortality a % mortality % mortality

Mainstem BSFCR       
 Rough Shoals 0 (I) a 0 (II) a 8 (II) a � 0 5 
 Station Camp � 0 (II) a 4 (II) a � 5 5 

Tributaries to BSFCR       
North White Oak Cr 60 (I) b 5 (I) a 64 (I) abcd 0 a 0 15 

Clear Fork � 25 (I) a 28 (I) a � 5 0 
White Oak Creek 20 (I) a 35 (I) a 40 (II) b 0 a 0 0 
Crooked Creek 10 (I) a 0 (I) a 4 (II) a 0 a 0 0 

 Freedom Church Ford 10 (I) a 25 (II) a 32 (I) ab 0 a 10 0 
 Braytown  0 (I) a 0 (III) a 16 (II) a 4 ab 0 10 

 Silcott Ford 0 (I) a 5 (III) a 64 (I) abcd 4 ab 0 0 
Emory River       
Emory River 10 (I) a 0 (III) a 68 (I) bcd 4 ab 0 0 
Clinch River       

Pendelton Island 0 (I) a 0 (IV) a 64 (I) abcd 0 a 5 0 
 Kyles Ford 0 (I) a 0 (IV) a 56 (I) abc 4 ab 5 0 

Powell River       
 Jonesville 0 (I) a 25 (II) a 64 (I) abcd 4 ab 0 0 
 Bales Ford 0 (I) a 0 (III) a 28 (I) a 0 a 0 0 

Tributaries to Clinch       
Indian Creek 10 (I) a 0 (II) a 40 (I) abc 12 b 0 5 
Guest River 20 (I) a 5 (II) a 96 (I) d 4 ab 0 20 
Coal Creek 20 (I) a 0 (IV) a 72 (I) cd 4 ab 10 0 
Control I 0 a 0 a 44 abc � � � 
Control II � 0 a 16 a � � � 
Control III � 0 a � � � � 
Control IV � 0 a � � � � 

a Different letters denote significant differences only among groups with the same roman numeral suffix 

(Students-t test, alpha=0.05). 
Roman numerals denote different beginning dates for laboratory toxicity tests.  
I=6-21-04 for 10 day chronic, 9-17-04 for 7 day chronic, 10-13-04 for 21 day chronic 
II=7-1-04 for 10 day chronic, 12-3-04 for 21 day chronic 
III=7-15-04 for 10 day chronic 
IV=8-11-04 for 10 day chronic 
� No data and control mortality for 48 hour acute tests range from 0-10% for all sites 
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Table 3. Reproduction (mean neonate production) and growth data from 2004; seven day 
Ceriodaphnia dubia, 10 day Daphnia magna, 21 day Villosa iris and Asian clam in situ toxicity 
testing.        
          

Watershed 7 day chronic 10 day chronic 21 day chronic Asian clam 
Site reproduction a reproduction a growth (mm) a growth (mm) a

Mainstem BSFCR     
 Rough Shoals 10.3 (I) e 251.25 (II) a 0.28 (II) ab � 
 Station Camp � 228.25 (II) ab 0.29 (II) ab � 

Tributaries to BSFCR     
North White Oak Cr 5.6 (I) e 206.5 (I) a 0.10 (I) ab 0.22 fg 

Clear Fork � 177.75 (I) a 0.07 (I) ab � 
White Oak Creek 13.1 (I) e 167.75 (I) a 0.16 (II) c 0.55 abcd 
Crooked Creek 25.9 (I) d 163.75 (I) a 0.24 (II) bc 0.18 g 

 Freedom Church Ford 38.2 (I) ab 140 (II) c 0.06 (I) ab 0.25 efg 
 Braytown  28.8 (I) cd 62.75 (III) a 0.37 (II) a 0.34 defg 

 Silcott Ford 37.6 (I) ab 62.75 (III) a 0.03 (I) ab 0.66 ab 
Emory River     
Emory River 38.2 (I) ab 69.75 (III) a 0.17 (I) a 0.43 cdef 
Clinch River     

Pendelton Island 33.9 (I) abcd 110 (IV) a 0.03 (I) ab 0.46 bcde 
 Kyles Ford 26.2 (I) d 91.25 (IV) a 0.15 (I) ab 0.35 defg 

Powell River     
 Jonesville 30.9 (I) bcd 162.5 (II) bc -0.004 (I) b 0.60 abc 
 Bales Ford 39.0 (I) a 63.5 (III) a 0.02 (I) b 0.39 cdefg 

Tributaries to Clinch     
Indian Creek 26.5 (I) d 238.25 (II) a 0.02 (I) b 0.42 cdef 
Guest River 32 (I) abcd 187 (II) abc 0.06 (I) ab 0.42 cdef 
Coal Creek 34.7 (I) abc 68.75 (IV) a 0.07 (I) ab 0.70 a 
Control I 28.8 cd 214.75 a 0.096 ab � 
Control II � 222.25 ab 0.12 d � 
Control III � 63.0 a � � 
Control IV � 106.75 a � � 

a Different letters denote significant differences only among groups with the same roman 
numeral suffix (Students-t test, alpha=0.05). 
Roman numerals denote different beginning dates for laboratory toxicity tests.   
I=6-21-04 for sediment chronic, 9-17-04 for IW chronic, 10-13-04 for 21 day chronic 
II=7-1-04 for sediment chronic, 12-3-04 for 21 day chronic 
III=7-15-04 for sediment chronic  
IV=8-11-04 for sediment chronic  
� No data  
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Table 4.  Selected results from 2004 chemical analysis of sediments (polyaromatic hydrocarbons 
(PAH) and % coal) and interstitial water (aluminum, copper, iron, lead) from Greg Johnson 
(USGS Water Resources Division). 

 

Watershed 
Total 
PAH  % Coal Aluminum Copper Iron  Lead  

Site (µg g-1)    (µg L-1) (µg L-1) (µg L-1) (µg L-1)
Mainstem BSFCR      
 Rough Shoals 10.7163 7.4 6000 b 11.5 a 29100 a 12.9 a 

 Station Camp 4.8999 8.7 410 a 1.7 9880 a 1.23 
Tributaries to BSFCR      
N.R. @ Braytown  12.8365 1.9 2780 b 7.9 10800 a 6.53 a 

N.R. @ Silcott Ford � 2.0 1240 b 3.6 11100 a 3.57 a 
Clear Fork 0.1214 0.0 491 a 8.1 5020 a 1.63 
Crooked Creek � 0.2 230 a 2.9 860 0.66 
North White Oak Cr � 1.0 111 a 0.8 10000 a 0.52 
White Oak Creek � 0.2 57 2.4 3840 a 0.37 
LSFCR @ F.C.F. 0.5652 0.7 1180 b 2.2 1770 a 2.47 
Emory River             
Emory River � 18.5 889 b 2.4 5080 a 1.92 
Clinch River       
Pendelton Island 4.1169 1.9 1100 b 3.4 2840 a 3.66 a 
 Kyles Ford 3.7478 3.6 815 b 2.6 3660 a 3.05 a 

Tributaries to Clinch      
Indian Creek 0.8989 0.8 311 a 4.2 11000 a 2.04 
Guest River 4.3106 3.6 117 a 2.6 17600 a 1.52 
Coal Creek 16.9883 4.5 291 a 1.6 1820 a 1.00 
Powell River       
 Jonesville 8.5836 3.6 990 b 4.0 8900 a 4.07 a 
 Bales Ford 10.8756 8.0 3500 b 8.3 10800 a 7.13 
     CMC 750 13 none 65 
     CCC 87 9 1000 2.5 
 a Exceeds US EPA Criterion Continuous Concentration (CCC) only 
 b Exceeds US EPA Criterion Maximum Concentration (CMC)  
� Data not available  
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Table 5.  Principle components analysis of 2004 ecotoxicological variables including; chronic 
interstitial water (IW) and sediment toxicity tests with Ceriodaphnia dubia and Daphnia magna, 
in situ testing with Asian clams (Corbicula fluminea) and IW and sediment chemical 
concentrations. 
 

  Component 
Variable 1 2 3 4 
IW C. dubia chronic survival 0.296 -0.067 -0.294 -0.458
IW C. dubia chronic reproduction 0.148 0.558 0.110 0.324
Asian clam survival  0.210 0.545 -0.032 0.006
Asian clam growth -0.133 0.059 0.539 -0.187
D. magna sediment chronic survival 0.069 -0.357 0.316 -0.189
IW aluminum 0.444 0.020 -0.029 -0.011
IW cadmium 0.435 -0.005 -0.024 0.026
IW copper 0.408 -0.253 0.001 0.080
IW iron 0.077 -0.415 0.038 0.699
IW lead 0.438 -0.082 -0.075 -0.075
Sediment total PAH 0.148 -0.033 0.563 -0.247
% Coal in sediment 0.225 0.109 0.430 0.225

Variance explained (%) 41.3 17.7 17.1 9.1
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Table 6.  Coal preparation plant sample, acute lethal concentration to 50% of test organisms 
(LC50) and percent survival at 100% concentration from each sample for Ceriodaphnia dubia, 
Lampsilis ovata, and Epioblasma capsaeformis from 2005. 
 

C. dubiaa Harold Keene prep. plant yard runoff None 100 
" Harold Keene prep. plant slurry sample None 95 
" Smokey Junction washery coal slurry None 95 
" Smokey Junction washery process water tank None 90 
" Tom's Creek prep. plant Slurry None 80d 
" Tom's Creek prep. plant sediment pond None 100 
" Tom's Creek prep. plant refuse pile runoff None 100 
" McClure River prep. plant slurry (warm) None 100 
" McClure River prep. plant slurry (cold) None 100 
" Roaring Fork Deep Mine #3 drainage None 100 
" Garden Creek prep. plant blackwater sample (2-26-04) 8.67%e 0 

L. ovataa Harold Keene prep. plant slurry sample None 95 

L. ovatab Harold Keene prep. plant slurry sample 74.52% 15d 
E. capsaeformisa Harold Keene prep. plant slurry sample None 100 
E. capsaeformisb Harold Keene prep. plant slurry sample None 75d 

 

a 48 hour acute test 
b 96 hour acute test 
c Control survival was 100% for all samples and organisms 
d Significant difference from control survivorship (Student�s t-test, α=0.05) 
e Mortality was due to high conductivity (18,430 µmohs cm-1) 
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Table 7. Results from 2005, seven day Ceriodaphnia dubia and 21-day Villosa iris chronic 
toxicity testing using interstitial water (C. dubia) and interstitial water and sediments (V. iris). 
 

Watershed C. dubia V. iris Mean C. dubia Mean V. iris

Site % mortality a % mortality a neonate production a Growth a 
Mainstem Big South Fork of the Cumberland River (BSFCR) 
 Station Camp 10 a 0 a 48.4 abcd 0.35 cd 
Upstream of Bear Creek 0 a 4 ab 37.7 e 0.28 d 
Tributaries to BSFCR    
N.R. at Silcott Ford 0 a 4 ab 37.7 e 0.28 d 
Crooked Creek 0 a 4 ab 51.6 abc 0.56 a 
North White Oak Creek 0 a 0a 54 ab 0.55 ab 
Smokey Creek 0 a 4 ab 54.7 ab 0.34 cd 
N.R. near Smokey Junction 0 a 8 ab 40.8 de 0.06 e 
Clinch River     
Pendelton Island 0 a 0 a 56.2 a 0.58 a 
Tributaries to Clinch    
Indian Creek 0 a 4 ab 43.2 cde 0.12 e 
Coal Creek 0 a 4 ab 50.5 abcd 0.41 cd 
Powell River     
 Jonesville 0 a 0 a 45.5 bcde 0.55 ab 
Tributaries to Powell     
Callahan Creek 0 a 4 ab 53.9 ab 0.42 bc 
Control 10 a 12 b 48.6 abcd 0.13 e 
 
a Significant differences are separated by different letters (Student�s t-test, α=0.05). 
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Appendix A.   
Results from multivariate analysis (α=0.05) of 2004 ecotoxicological parameters including: 
Ceriodaphnia dubia 7 day interstitial water (IW) chronic test survival (IW-S) and reproduction 
(IW-R); Asian clam (Corbicula fluminea) survival (AC-S) and growth (AC-G); Daphnia magna 
survival (DM-S); IW metal concentrations of aluminum (Al), cadmium (Cd), copper (Cu), iron 
(Fe), lead (Pb); sediment polyaromatic hydrocarbon concentration (PAH) and percent coal in 
sediment (%C). 
 

Parameter Correlation (r) Values 
 IW-S IW-R AC-S AC-G DM-S Al Cd Cu Fe Pb PAH %C 

IW-S 1 -0.1438 0.2592 -0.2954 -0.0222 0.6322 0.577 0.5799 -0.1447 0.7748 -0.1089 0.0876
IW-R -0.1438 1 0.7486 -0.0014 -0.2829 0.3603 0.3414 0.0628 -0.2265 0.1628 0.0929 0.403
AC-S 0.2592 0.7486 1 -0.1631 -0.2349 0.4559 0.4213 0.0785 -0.3517 0.3595 0.0647 0.3482
AC-G -0.2954 -0.0014 -0.1631 1 0.0496 -0.3608 -0.3141 -0.2789 -0.1144 -0.3073 0.5152 0.3031
DM-S -0.0222 -0.2829 -0.2349 0.0496 1 0.1283 0.0769 0.271 0.1436 0.115 0.392 0.2524

Al 0.6322 0.3603 0.4559 -0.3608 0.1283 1 0.9728 0.8975 0.1109 0.9568 0.3198 0.4521
Cd 0.577 0.3414 0.4213 -0.3141 0.0769 0.9728 1 0.9121 0.1879 0.9453 0.3678 0.3456
Cu 0.5799 0.0628 0.0785 -0.2789 0.271 0.8975 0.9121 1 0.4301 0.928 0.3084 0.3699
Fe -0.1447 -0.2265 -0.3517 -0.1144 0.1436 0.1109 0.1879 0.4301 1 0.2014 -0.0614 0.1953
Pb 0.7748 0.1628 0.3595 -0.3073 0.115 0.9568 0.9453 0.928 0.2014 1 0.2515 0.4003

PAH -0.1089 0.0929 0.0647 0.5152 0.392 0.3198 0.3678 0.3084 -0.0614 0.2515 1 0.432
%C 0.0876 0.403 0.3482 0.3031 0.2524 0.4521 0.3456 0.3699 0.1953 0.4003 0.432 1 
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2.  The Toxicity of Aluminum Chloride (AlCl3) to the Freshwater Rainbow 

Mussel: Villosa iris 

 

Abstract.  A 21 d chronic toxicity test was carried out with a wide range of concentrations of 

aluminum chloride (AlCl3) to determine what level of aluminum (Al) was toxic to the juvenile 

stage of the freshwater mussel, Villosa iris.  Aluminum is an emerging pollutant of concern in 

the Appalachian region of the United States because it is commonly released into surface waters 

in various coal-mining discharges.  As a family (Unionidae), native mussels are one of the most 

rapidly declining faunal groups in the country.  Aluminum concentrations in excess of 4,500 µg 

L-1 failed to induce a toxic response as determined by mortality; however, V. iris growth was 

significantly reduced at Al levels above 337 µg L-1.  Results from this study indicate that the 

chronic water quality criterion (WQC) for Al of 87 µg L-1 does protect this mussel species but 

significant reductions in growth were recorded below the acute WQC of 750 µg L-1 Al, 

indicating that more sensitive species may be at risk. 

2.1 Introduction 

The current water quality criterion (WQC) put forth by the US Environmental Protection 

Agency (US EPA) for the non-priority pollutant aluminum (Al) has not been re-evaluated since 

1988 (US EPA, 2002a, 1988).  For waters with pH ranging from 6.5-9.0, the Criteria Maximum 

Concentration (CMC), the acute level, is 750 µg L-1 and the Criterion Continuous Concentration 

(CCC), the chronic level is 87 µg L-1 (EPA, 2002a).  The EPA (1998) WQC were developed 

using both invertebrates and vertebrates including the cladocerans, Ceriodaphnia dubia and 

Daphnia magna, as well as the fathead minnow, Pimephales promelas.  Various other plants and 

animals including algae, aquatic macrophytes, other fish species, planarians and a snail were 
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tested as well.  One major group of organisms conspicuously absent from consideration in the 

formation of the 1988 WQC was freshwater mussels.   

Many species of freshwater mussels, once common throughout all major drainages in the 

eastern United States, have been declining rapidly to the point where they are becoming 

endangered or extinct (Ahlstedt and Turberville, 1997, Anderson et al. 1991, Neves, 1991).  

Being sedentary filter feeders, unable to flee from perturbations, bivalves make excellent 

organisms to use as bio-monitors of pollution (Salazar and Salazar, 1997).  There are many 

environmental stressors that have been negatively impacting freshwater mussel assemblages but 

one of the major sources in the Appalachian region of the United States has been coal mining 

(Soucek et al., 2003).  Aluminum is a pollutant of concern in Appalachia because it is commonly 

encountered in coal mining operations through acid mine drainage (AMD) (Zipper, 2000) and in 

coal processing effluents (Kennedy et al., 2003, Linginfelser, 2005).  AMD-derived Al levels 

two orders of magnitude in excess of the current acute WQC have been documented and have 

been found to be toxic to test organisms in field and laboratory studies (Soucek et al., 2001).   

Aluminum has been shown to negatively affect aquatic organisms in numerous ways.  In 

a review by Exley et al. (1991), the main organ targeted for Al toxicity in fish is the gill.  

Exposure to acutely toxic levels of Al produced mucus buildup on the gill lamellae, causing 

asphyxiation.  Aluminum may also alter the membrane permeability of the gill epithelium 

causing a moribund state. Aluminum chloride, lactate and to a lesser degree maltol, had 

neurotoxic effects on neurons dissected from the freshwater snail (Lymnaea stagnalis) at a 

concentration of 2.7 mg L-1, altering membrane polarization and changing cell firing activity and 

patterns (Campbell et al. 2000).  Malley et al. (1988) found 10x baseline values of Al 

accumulation in the gills of the freshwater mussel, Anodonta grandis, three days after dosing an 

acidic lake with aluminum sulfate (up to 2237 µg g-1 Al).  Blood Na+ values were lowered at 

sites nearest the treatment point in that study also. Aluminum can be differentially toxic to the 
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various life stages of mussels.  Concentrations of at least 3 x 10-6 M aluminum sulfate 

(Al2(SO4)3) produced anomalies during embryogenesis in 100% of Mytilus galloprovincialis 

embryos (Pagano et al. 1996).  Aluminum caused acute, significant decreases in glochidial 

response at 1200, 1200, and 900 µg L-1 for 24, 48 and 72 hr exposures respectively (Huebner and 

Pynnönen, 1992). 

The amphoteric nature of Al is a cause for ecological concern because it can be toxic in 

both acidic and alkaline waters.  Gundersen et al. (1994) found that rainbow trout (Oncorhynchus 

mykiss) had higher Al-induced mortality in waters that had weakly alkaline pH (7.95-8.58) over 

near-neutral pH (7.14-7.64) water.  This increase in toxicity was attributed to increased filterable 

Al concentrations.  Synergistic effects of Al exposure and low pH (4.0) were found to be more 

toxic to lake minnows than either treatment alone by Paladino & Swartz (1984) and low pH and 

Al exposure negatively affected water and acid-base balance as well as ionic regulation in the 

dragonfly, Libellula julia (Rockwood and Coler, 1991).  Aluminum toxicity has been studied in 

neutral waters and was shown to cause acute toxicity to C. dubia in neutralized water 

downstream of acid mine drainage (Soucek et al., 2001).  The CCC was used as the benchmark 

but levels above the CCC are not necessarily toxic (US EPA, 2002b) and determining the 

specific level of Al toxicity for individual streams is necessary for site-specific assessment.  The 

purpose of this study was to determine at what concentration AlCl3 was toxic to Villosa iris 

juveniles in neutral water chemistry.   

2.2 Materials and Methods 

2.2.1 Aluminum Chloride Solutions 

Nine concentrations and one control were set up using 99% pure aluminum chloride 

(AlCl3) purchased from Sigma-Aldrich ®.  The nominal concentrations were as follows, in µg L-1 

AlCl3: 48,000; 24,000; 12,000; 6,000; 3,000; 1,500; 750; 375; 187.50; and 0 (control). Post hoc 
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metal concentration analysis determined actual Al concentration of 48,000 µg L-1 AlCl3 solution 

to be approximately 8,000 µg L-1 Al immediately after mixing.  All dilutions were made from a 

stock solution of 12,000 µg L-1 AlCl3, except for 48,000 and 24,000, which were taken from a 

stock solution of 48,000 µg L-1 AlCl3.  Dilution water of a 1:1 mixture of de-chlorinated 

Blacksburg, VA tap water and filtered (Whatman® glass microfibre filters, 934-AHTM) Sinking 

Creek (Giles Co., VA, USA) water was used.  Sinking Creek water has been used in the past by 

this laboratory for culturing organisms and for toxicity testing.  Stock solutions were prepared 

prior to change over every three days.  Aluminum chloride powder was measured, using a 

Mettler-Toledo® model MX5 microbalance, to the nearest 0.1 mg.   

2.2.2 Juvenile Mussel Chronic Toxicity Test  

Villosa iris juvenile mussels, cultured at the Virginia Tech Freshwater Mollusk 

Conservation Center (FMCC), were two months old at the beginning of the test.  Chronic 

toxicity tests (21 d) were run in a temperature-controlled room that was monitored (18 ±2°C) 

using a maximum/minimum thermometer.  Testing chambers utilized the same design as found 

in Valenti et al. (2005) with slight modifications. Five juvenile mussels per small glass vial were 

used instead of one (n=25) and an extra vial filled with sediment for use in determining sediment 

Al concentrations was included as well.  This lab has used five mussels per test chamber 

successfully and no negative effects on survivorship or growth were seen (unpublished data).  

Sediment was rinsed through 500 µm mesh to allow it to pass into another container for metals 

analysis, retaining the mussels for measurement, after 21 d.  Test chambers were provided a daily 

diet of 30,000 cells L-1 Neochloris algae and were kept in a 16:8, light: dark photoperiod. 
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2.2.3 Aluminum Analysis 

 Samples of in-water and out-water as well as sediment from each concentration were 

prepared according to the standard US EPA protocol found in Martin et al. (1994) for analysis 

via inductively coupled plasma spectrometry at the Virginia Tech Soil Testing Laboratory for 

determination of actual Al levels in both water and sediment.  Values presented for 0, 24, 48 and 

72 h (Table 8, Figure 6) are from the actual test concentrations as well as the mean values of 

between two and four replicate Al measurements from concentrations that were set up 

specifically to determine the fluctuation of Al concentration over time.   

2.2.4 Statistical Analysis 

The computer program Toxstat® Version 3.5 was used to calculate the toxicity endpoints 

of the no-observable-adverse-effects concentration (NOAEC) and lowest-observable-adverse-

effects concentration (LOAEC) for both mortality and growth (α=0.05).  Data analysis for 

NOAEC and LOAEC followed the US EPA protocol for chronic bioassays with P. promelas (US 

EPA, 2002b).  Differences in growth and survival also were measured using ANOVA and 

Student�s t-test (α=0.05) using JMP IN® 5.1 software (Sall et al., 2005). 

2.3 Results and Discussion 

There were no statistically significant differences in survivorship at any test 

concentration; all had 100% survival except for the control and 48,000 µg L-1 (96%) (Table 8).  

Due to low control growth rates, a NOAEC and LOAEC were not possible to determine; 

however, after removing control data from the analysis, the LOAEC was 48,000 µg L-1 and 

24,000 µg L-1 was the NOAEC.   Significant decreases in growth were recorded for Al 

concentrations above 337 µg L-1.  The mean growth of the individuals in the 48,000 µg L-1 AlCl3 

was the lowest (0.12mm) of all of the concentrations tested, and there were no significant 

differences in growth among the lowest five test concentrations (Table 8).   
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Aluminum chloride (AlCl3) was chosen as the source of Al instead of aluminum sulfate 

(Al2(SO4)3), which has also been commonly used in toxicity testing, because of the possibility of 

experimental artifacts arising from the use of aluminum sulfate (Dietrich and Schlatter, 1989). 

The AlCl3 salt was also found to be a more toxic Al source by Campbell et al. (2000), providing 

a �worst-case-scenario� for this study.  Pulsed Al concentrations between 300-900 µg L-1 failed 

to induce a toxic response in two mussel species in circumneutral pH, hard water (Pynnönen, 

1991) and Mackie (1989) failed to induce a toxic response at Al concentrations of 1,000 µg L-1 in 

pH 3.5 water.  The large range in concentrations found in the literature was the reason we chose 

the range of concentrations that we did, in hopes of fully encompassing the range of toxicity 

from completely toxic to non-toxic.  This study failed to determine a LOAEC for survivorship 

using AlCl3 with V. iris.   

Problems maintaining a constant Al concentration in the test containers likely contributed 

to the high survival for all concentrations.  Fluctuations in test concentrations were a decrease of 

approximately one-half after 72 h (Figure 6).  The ability to maintain elevated metal 

concentrations, using a peristaltic pump apparatus with a flow-through design may have made 

differences in survival and growth more apparent but both space and finances often limit the use 

of flow-through testing, as these tests are both bulky and costly.  The development of 

inexpensive, practical, static/renewal toxicity tests with freshwater mussels critical for 

developing WQC that are protective of these organisms.  Test temperature also may have 

contributed to lack of significant results from the growth data. Using V. iris, Valenti et al. (2005) 

had mean control growth of 0.51 mm at 20°C; the current test was run at 18°C.  The decreased 

temperature could account for the reduction in growth rates.   

The significant decrease in growth shown above 337 µg L-1 Al, suggests that the current 

WQC for Al is protective for V. iris; however, this relatively common and stable species 

(Parmalee and Bogen, 1998) likely does not accurately represent threatened and endangered 
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species that are presumably more sensitive to environmental pollutants.  The endangered oyster 

mussel (Epioblasma capsaeformis) was three times more sensitive to total residual chlorine than 

V. iris after 21-d chronic testing with significant growth impairment at 0.02 mg L-1 and 0.06 mg 

L-1, respectively (Cherry et al., 2005).  Absorption to sediments and subsequent reduction of 

metals in the water column has been shown with copper (Keller et al., 1999); however, this 

phenomenon did not seem to be a likely source of variation in this case as all concentrations had 

Al levels between 5,040 and 7,670 mg kg-1, with no clear pattern of increasing sediment Al 

levels with water concentration (Table 8). 

2.4 Conclusions 

 The current WQC for Al is protective to V. iris but further acute and chronic testing; 

using sensitive mussel species is required to fully address the potentially negative effects of Al 

on native mussel populations.  This test, using two-month-old juveniles, does not address the 

effects that Al may have on the glochidia and adult stages, both of which may be affected 

differently than small juveniles.  The use of adult mussels may show higher toxicity because they 

filter-feed from the water column where they would be more exposed to dissolved contaminants.  

Although exposed only briefly to the water column, glochidia, the planktonic parasitic life stage 

of freshwater mussels may be affected differently as well.  Juvenile mussels may be able to avoid 

strictly water-borne pollutants because they pedal-feed in the interstitial water of the sediment as 

opposed to the water column (Yeager et al., 1994). 

2.5 Literature Cited 

Ahlstedt, S.A., Tuberville, J.D.  1997.  Quantitative reassessment of the freshwater mussel fauna 

 in the Clinch and Powell Rivers, Tennessee and Virginia.  In: Proceedings of a UMRCC 

 Symposium, Conservation & Management of Freshwater Mussels II, Initiatives For the 

 Future (Cummins, K.S., Buchanan, A.C., Mayer, C.A., Naimo, T.J., eds.) 



 54

Anderson, R.M., Layzer, J.B., Gordon, M.E.  1991.  Recent catastrophic decline of mussels 

 (Bivalvia: Unionidae) in the Little South Fork Cumberland River, Kentucky.  

 Brimleyana, 17, 1-8. 

Campbell, M.M., Jugdaohsingh, R., White, K., Powell, J.J., McCrohan, C.R.  2000.  Aluminum 

 toxicity in a molluscan neuron: Effects of counterions.  J. Toxicol.  Envir. Health, Part A, 

 59, 253-270. 

Cherry, D.S., Valenti, T.W., Currie, R.J., Neves, R.J., Jones, J.W., Mair, R.A., Kane, C.M.  

 2005.  Chlorine toxicity to early life stages of freshwater mussels.  Final Report to: US 

 Fish and Wildlife Service, Virginia Field Office, 6669 Short Lane, Gloucester, Virginia 

 23061, pp. 96. 

Dietrich, D., Schlatter, C.  1989.  Aluminum toxicity to rainbow trout at low pH.  Aquat. 

 Toxicol., 15, 197-212. 

Exley, C., Chappell, J.S., Birchall, J.D.  1991.  A mechanism for acute aluminum toxicity in fish.  

 J. Theor. Biol., 151, 417-428. 

Gundersen, D.T., Bustaman, S., Seim, W.K., Curtis, L.R.  1994.  pH, hardness and humic acid 

 influence aluminum toxicity to Rainbow Trout (Oncorhynchus mykiss) in weakly alkaline 

 waters.  Can. J. Aquat. Sci., 51, 1345-1355. 

Huebner, J.D., Pynnönen, K.S.  1992.  Viability of glochidia of two species of Anodonta exposed 

 to low pH and selected metals.  Can. J. Zool., 70, 2348-2355. 

Keller, A.E., Ruessler, D.S., Kernaghan, N.J.  1999.  Effect of test conditions on the toxicity of 

 copper to juvenile Unionid mussels.  In: Environmental Toxicology and Risk 

 Assessment: Standardization of Biomarkers for Endocrine Disruption, 8, STP 1364.  

 American Society for Testing and Materials, Philadelphia, PA, pp. 329-340. 



 55

Kennedy, A.J., Cherry, D.S., Currie, R.J.  2003.  Field and laboratory assessment of a coal 

 processing effluent in the Leading Creek watershed, Meigs County, Ohio.  Arch. 

 Environ. Contam. Toxicol., 44, 324-331. 

Linginfelser, S.F.  2004.  VA-Toxicity of coal mining effluents on freshwater mussels and 

 aquatic biota in the Upper Tennessee River basin.  DRAFT for Environmental 

 Contaminants Program off-refuge investigations sub-activity.  80 pages. 

Mackie, G.L.  1989.  Tolerances of five benthic invertebrates to hydrogen ions and metals (Cd, 

 Pb, Al).  Arch. Environ. Contam. Toxicol., 18, 215-223. 

Malley, D.F., Huebner, J.D., Donkersloot, K.  1988.  Effects on ionic composition of blood and 

 tissues of Anodonta grandis grandis (Bivalvia) of an addition of aluminum and acid to a 

 lake.  Arch. Environ. Contam. Toxicol., 17, 479-491.   

Martin, T.D., Brockhoff, C.A., Creed, J.T.  1994.  Method 200.7: Determination of metals and 

 trace elements in water and wastes by inductively coupled plasma-atomic emission 

 spectrometry, Revision 4.4. US Environmental Protection Agency, Cincinnati, OH, 

 45268. 

Neves, R.  1991.  Mollusks.  In: Virginia�s Endangered Species (Terwilliger, K., ed.).  The 

 McDonald and Woodward Publishing Co., Blacksburg, VA, pp. 251-320. 

Pagano, G., His, E., Beiras, R., De Biase, A., Korkina, L.G., Iaccarino, M., Oral, R., Quiniou, F., 

 Warnau, M., Trieff, N.M.  1996.  Cytogenic, developmental and biochemical effects of 

 aluminum, iron and their mixture in sea urchins and mussels.  Arch. Environ.

 Contam. Toxicol., 31, 466-474. 

Paladino, F.V., Swartz, D.  1984.  Interactive and synergistic effects of temperature, acid and 

 aluminum toxicity on fish critical thermal tolerance.  Federation Proceedings, 43(3), 546 

 [Abstract]. 



 56

Parmalee, P.W., Bogen, A. E.  1998.  Accounts of species.  In: The Freshwater Mussels of 

 Tennessee, The University of Tennessee Press, Knoxville TN, pp. 245-248. 

Pynnönen, K.  1991.  Influence of aluminum and H+ on the electrolyte homeostatis in the 

 Unionidae Anodonta anatina L. and Unio pictorum L.  Arch. Environ. Contam. Toxicol., 

 20, 218-225. 

Rockwood, J.P., Coler, R.A.  1991.  The effect of aluminum in soft water at low pH on water 

 balance and hemolymph ionic and acid-base regulation in the dragonfly Libellula julia 

 Uhler.  Hydrobiologia, 215, 243-250. 

Salazar, M.H., Salazar, S.M.  1997.  Using caged bivalves to characterize exposure and effects 

 associated with pulp and paper mill effluents.  Wat. Sci. Technol., 35(2-3), 213-220. 

Sall, J., Creighton, L., Lehman, A.  2005.  JMP Start Statistics, Third Edition:  A Guide to 

 Statistics and Data Analysis Using JMP and JMP IN Software.  SAS Institute Inc.  

 Brooks/Cole-Thomson Learning, Belmont, CA 94002. 

Soucek, D.J., Cherry, D.S., Zipper, C.E.  2001.  Aluminum-dominated acute toxicity to the 

 cladoceran Ceriodaphnia dubia in neutral waters downstream of an acid mine drainage 

 discharge.  Can. J. Fish. Aquat. Sci., 58, 2396-2404. 

Soucek, D.J., Cherry, D.S., Zipper, C.E..  2003.  Impacts of mine drainage and other nonpoint 

 source pollutants on aquatic biota in  the Upper Powell River system, Virginia.  Human 

 Ecol. Risk Assess., 9(4), 1059-1073. 

US [EPA] Environmental Protection Agency.  1988.  Ambient water quality criteria for 

 aluminum-1988.  US Environmental Protection Agency, EPA 440/5-86-008. 

US EPA.  2002a.  National recommended water quality criteria: 2002.  US Environmental 

 Protection Agency, EPA 822-R-02-047. 



 57

US EPA.  2002b.  Short-term methods for estimating the chronic toxicity of effluents and 

 receiving waters to freshwater organisms, fourth edition.  EPA-821-R-02-013.  Office of 

 Water. 

Valenti, T.W., Cherry, D.S., Neves, R.J., Schmerfeld, J.  2005.  Acute and chronic exposure of 

 early life stages of the rainbow mussel, Villosa iris (Bivalvia: Unionidae) to mercury.  

 Environ. Toxicol. Chem., 24(5), 1242-1246.   

Yeager, M.M., Cherry, D.S., Neves, R.J.  1994.  Feeding and burrowing behaviors of juvenile 

 rainbow mussels, Villosa iris (Bivalvia: Unionidae).  J. N. Am. Benthol. Soc., 13(2), 217-

 222. 

Zipper, C.E.  2000.  Coal mine reclamation, acid mine drainage, & Clean Water Act.  In:  

 Reclamation of Drastically Disturbed Lands (Barnhisel, R.I, Darmody, R.G. & Daniels, 

 W.L., eds.).  American Society of Agronomy, Inc., Crop Science Society of America, 

 Inc. and Soil Science Society of America, Inc., Madison, WI, pp 176. 



 58

1

10

100

1000

10000

0 20 40 60 80

Time (Hours)

[A
l] 

(µ
g/

L)

187
375
750
1500
3000
6000
12000
24000
48000

 
 

Figure 6. Graph of aluminum (Al) concentration fluctuations after 0, 24, 48 and 72 hours.  Mean 
measured Al concentrations for the control were below detection limits (<6.7 µg L-1). 
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Table 8.  Survivorship, mean growth, and actual aluminum (Al) concentrations in sediment and 
in/out water from 21 day AlCl3 test. 
 

[AlCl3] Survivorship Growth Actual [Al] in Actual [Al] out Mean [Al] Silt [Al]
(µg L-1) a (%) b (mm) b (µg L-1) (µg L-1) (µg L-1) (mg kg-1)

0 96  a 0.13±0.10 de BDLc BDLc BDLc 5630 
187.5 100 a 0.22±0.04 abc 52 25 38.5 7670 
375 100 a 0.24±0.04 ab 81 52 66.5 7590 
750 100 a 0.24±0.04 ab 143 100 121.5 d 5510 
1500 100 a 0.27±0.04 a 247 189 218 d 7420 
3000 100 a 0.23±0.05 ab 474 233 353.5 d 6430 
6000 100 a 0.18±0.06 bcde 1023 472 747.5 d 6000 

12000 100 a 0.20±0.03 bcd 2121 1394 1757.5 e 5870 
24000 100 a 0.16±0.03 cde 4231 2218 3224.5 e 5960 
48000 96  a 0.12±0.05 e 8520 5293 6906.5 e 5520 

a Nominal AlCl3 concentrations. 
b Significant differences denoted by different letters (Student�s t-test, α=0.05). 
c Below Detection Limit of 6.7 µg L-1. 
d Above US EPA chronic water quality criteria (WQC) of 87 µg L-1. 
e Above US EPA acute WQC of 750 µg L-1. 
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3.  The Ecotoxicological Recovery of Ely Creek and Tributaries (Lee County, 

VA) after Remediation of Acid Mine Drainage 

 

Abstract.  The Ely Creek watershed (Lee County, VA) was determined in 1995 to be the most 

negatively affected by acid mine drainage (AMD) within the Virginia coalfield.  This 

determination led the US Army Corps of Engineers to design and build passive wetland 

remediation systems at two major AMD seeps affecting Ely Creek. This study was undertaken to 

determine if ecological recovery had occurred in Ely Creek. The results indicate that remediation 

had a positive effect on all monitoring sites downstream of the remediated AMD seeps.  At the 

site most impacted by AMD, mean pH was 2.93 prior to remediation and improved to 7.14 in 

2004.  Benthic macroinvertebrate surveys revealed that one AMD influenced site had increased 

taxa richness from zero taxa in 1997 to 24 in 2004.  While in situ testing of Asian clams resulted 

in zero survival at five of seven AMD influenced sites prior to remediation, some clams survived 

at all sites after.  Clam survival was found to be significantly less than upstream references at 

only two sites, both downstream of un-mitigated AMD seeps in 2004.  An ecotoxicological 

rating (ETR) system that combined ten biotic and abiotic parameters was developed as an 

indicator of the ecological status for each study site.  A comparison of ETRs from before and 

after remediation demonstrated that all sites downstream of the remediation had experienced 

some level of recovery.  Although the remediation has improved the ecological health of Ely 

Creek, un-mitigated AMD discharges are still negatively impacting the watershed.   

3.1 Introduction 

 The Ely Creek watershed (Lee County, VA), in the coalfields of Southwest Virginia has 

been negatively impacted by the acid mine drainage (AMD) from seeps emerging from 

abandoned coal mines.  The AMD is formed from the oxidation of sulfidic minerals, such as 



 61

pyrite (FeS2), which are commonly found in coal bearing rock strata.  When these minerals are 

oxidized H+, sulfates and metal hydroxides are formed (Geidel and Caruccio, 2000).  Mining 

disturbance often exposes sulfides to oxygen and water, enhancing AMD formation.  Besides 

being toxic due to its acidic nature (Belanger and Cherry, 1990, Courtney and Clements, 1998), 

AMD can mobilize acid-soluble metals such as aluminum (Al), copper (Cu), iron (Fe) and zinc 

(Zn), all of which have been shown to be toxic to aquatic systems at elevated concentrations 

(Soucek et al., 2001, Belanger and Cherry, 1990, Belanger et al., 1986). 

Previous studies have documented the detrimental effects of AMD in Ely Creek.  Cherry 

et al. (1995) found Ely Creek the southwestern Virginia water body most negatively impacted by 

AMD.  Using in situ Asian clam (Corbicula fluminea) testing, Cherry et al. (1997, 2001) found 

greater than 50% mortality in 13 of 20 sites studied with eight of those 13 sites demonstrating 

100% mortality.  Ceriodaphnia dubia acute water column toxicity testing produced similar 

results with 100% mortality after 48 hours at nine of 20 sites.  Benthic macroinvertebrate 

assemblages also represented the severity of the AMD impact as total abundance, taxa richness, 

and sentinel insect orders (Ephemeroptera, Plecoptera and Trichoptera, EPT) were significantly 

reduced at AMD impacted sites in Ely Creek and its tributaries, relative to upstream references 

(Cherry et al., 2001).  

These documented AMD impacts led the United States Army Corps of Engineers 

(USACE), working with the Virginia Department of Mines, Minerals and Energy (VDMME), to 

remediate the major AMD seeps affecting Ely Creek.  The USACE constructed successive 

alkalinity producing systems (SAPS) at two major AMD sites in Ely Creek; construction was 

completed in October 2003 (USACE, 2004).  The SAPS remediate AMD by moving it through a 

layer of organic compost over limestone gravel that generates alkalinity via sulfate reduction and 

limestone dissolution, enabling pH neutralization and metal precipitation to occur in settling 
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ponds (Skousen et al., 2000).  Waters released from the settling ponds enter Ely Creek with 

elevated pH and reduced acid-soluble metals, relative to the untreated AMD. 

The efficacy of remediation efforts can be evaluated by comparing the ecotoxicological 

status of the watershed in its pre- and post-remediation condition.  Cherry et al. (2001) detailed 

the ecological health of the Ely Creek watershed in its pre-remediation condition.  The 

parameters they used to determine the status of the watershed included: (1) taxon richness of 

benthic macroinvertebrates; (2) percent Ephemeroptera abundance; (3) water column mean pH; 

(4) percent survival of in situ Asian clam assays; (5) percent survival of C.  dubia laboratory 

assays; (6) water column mean conductivity (7) percent survival of Daphnia magna sediment 

toxicity tests; (8) percent survival of Chironomus tentans sediment toxicity tests; (9) the amount 

of iron (Fe) in the sediment; and (10) the Al concentration in the water column.  These 

parameters were combined to form an ecotoxicological rating (ETR).  

Cherry et al. (2001) rated each of the 20 sites using the ETR and demonstrated that all 

sites below the AMD discharge experienced some level of stress (i.e., ETR scores less than 

upstream reference sites), with the most severely stressed sites being directly below the AMD 

discharges.  The present study follows a similar approach, measuring biological, toxicological 

and water-quality variables at nine of the original 20 sites within the Ely Creek watershed, using 

those measurements to calculate ETR scores for each site, and interpreting those ETR scores as 

indicators of Ely Creek�s post-remediation condition.  The objective of the current study was to 

determine if the remediation efforts have had an effect on the ecotoxicological status of Ely 

Creek. 
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3.2  Materials and Methods 

3.2.1 Study Sites 

 The pre-remediation study (Cherry et al., 2001), conducted in 1997, included 20 sampling 

stations located within Ely Creek, its tributaries and receiving waters (Stone Creek, Straight 

Creek, the North Fork of the Powell River).  For the current study nine of the original 20 

sampling stations were chosen to represent the range of impact to recovery throughout Ely Creek 

after AMD remediation (Figure 7).  Reference sites for this study included SW 14/16, which was 

at the confluence of Goose Creek and an unnamed tributary, a combination of SW-14 and SW-16 

from Cherry et al. (2001) and SW-15, the farthest upstream site on Ely Creek.  SW-8 and SW-9 

were recovering AMD sites directly below major AMD seeps in 1997 and the new wetland 

remediation systems in 2004.  SW-11 and SW-13 were below minor AMD seeps that were not 

remediated, and thus were affected by AMD in both 1997 and 2004.  

3.2.2 Water and Sediment Chemistry 

 Electrical conductivity and pH were measured in the lab three times, in July, August and 

October of 2004.  Unfiltered water samples were collected from each site in acid washed one-

liter polyethylene bottles and transported to the lab on ice where they were refrigerated at 4° C 

until analyzed (less than 24 hours after collection).  The pH was measured using an Accumet® 

BASIC AB15 (Fisher Scientific) bench meter.  An YSI 55 (YSI Inc., Yellow Springs, OH) DO2 

meter was used to measure DO2 and an YSI 30 (YSI Inc., Yellow Springs, OH) conductivity 

meter was used to measure the conductivity.  

Grab samples of water and sediments were collected from each site for metals analysis in 

October 2004 and were prepared according to Martin et al. (1994).  Digested samples were sent 

to the Soil Testing Laboratory at Virginia Tech where they were analyzed via Inductively 
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Coupled Plasma Spectrometry for Fe, Al, Zn and manganese (Mn) levels.  Metal levels are 

reported as mg L-1 and mg kg-1 for water and sediment samples, respectively.   

3.2.3 Asian Clam in situ Testing (8-25-04 to 10-27-04) 

Asian clams were collected from the New River near McCoy Falls, VA, and were 

measured, from hinge to the ventral margin, prior to exposure using Fowler Pro-Max electronic 

digital calipers, measuring to the nearest 0.01mm.  Only clams between 8.90 mm and 12.10 mm 

were used.  Using 18 x 36 cm mesh bags (0.5 cm2 mesh size), five replicate bags with five clams 

per bag were secured into the sediment at each site with rebar.  Clams were left in situ for 64 

days, after which the bags were collected and mortality and growth were recorded.  Mortality 

was determined if both valves were open or easily opened with a prying tool.  Growth was 

calculated for each bag by comparing mean initial size to mean final size.   

3.2.4 Sediment Toxicity Testing  

 Sediment samples were collected from each site and transported in plastic bags on ice to 

the laboratory where samples were refrigerated at 4° C until tested.  Sediment toxicity tests were 

run for all sites using the test organism, D.  magna, according to Nebecker (1984) and ASTM 

(1995) with some modifications.  Tests were run in 250 ml glass beakers with 50 ml of sediment, 

by volume, and 150 ml of stream water for every repetition.  Overlying water was collected from 

Sinking Creek, Newport, Giles Co. VA, which has been used successfully in the past for both 

testing and organism culturing.  Each site had four replicates with five D. magna in each with 

changeovers occurring every day for 10 days.  Water was renewed by carefully decanting 

approximately 100 ml of water, taking care to neither injure the test organisms nor disturb the 

sediment.  Test chambers were then re-filled with filtered Sinking Creek water and fed a daily 

diet of Selenastrum capricornutum.  Both mortality and reproduction were recorded daily.  
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Results were compared between sites and against an artificial control that consisted of 50 ml of 

acid-washed play sand overlaid with Sinking Creek water.   

3.2.5 Ceriodaphnia dubia Acute Water Column Testing 

 Water column toxicity tests were conducted following US EPA protocols for 48-h static, 

non-renewal toxicity testing (US EPA, 2002a).  Samples were collected from each site using 

acid-washed 1-l polyethylene bottles.  Four 50 ml glass beakers with five neonates <24 hours old 

were used for testing each site with mortality recorded after 24 and 48 hours.  Synthetic 

moderately hard water, prepared according to the US EPA (2002a), was used as an additional 

control.   

3.2.6 Benthic Macroinvertebrates 

 Benthic macroinvertebrates were collected at all sites during August 2004 following the 

guidelines in the US EPA Rapid Bioassessment Protocols (Barbour et al., 1999).  Each site was 

thoroughly sampled for various habitat types, riffles, pools, and margins.  All specimens were 

preserved in 80% ethanol and identified to the genus level when possible using Merritt and 

Cummins (1996).  Data were analyzed for total taxa richness, percent Ephemeroptera abundance, 

Ephemeroptera-Plecoptera-Trichoptera (EPT) richness and EPT abundance.   

3.2.7 Statistical Analysis 

 Differences in survival and reproduction of C. dubia and D. magna and pH and 

conductivity were compared between 1997 and 2004 and growth and reproduction of Asian 

clams were compared among sites in 2004 using ANOVA and Student�s t-test, to test for 

significant differences at the 95% confidence level using JMP IN® 5.1 software (Sall et al., 

2005). 
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3.2.8 Ecotoxicological Rating (ETR) 

 The ETR is an indicator of the ecological health of a watershed and was developed to 

concisely describe the damage in Ely Creek caused by AMD (Cherry et al., 2001).  The pre-

remediation study used ten ecotoxicological parameters to rate each site (Table 9). For each 

parameter, scores were assigned to each site by dividing the range of values into ten equal 

segments; each site was then assigned a score (1-10) accordingly, based on the correspondence 

of its measured value with those segments.  That score was then multiplied by 1.25, 1.0 or 0.75, 

depending on the parameter weighting.  Parameters with more sensitive endpoints (benthic 

macroinvertebrate data and pH) were weighted more heavily than those with less sensitive 

endpoints (water and sediment metals and Asian clam growth). For each site, the 10 parameter 

values were summed to calculate each site�s ETR (Table 9). With one exception, ETR parameter 

values were not re-scaled in 2004 so results for both studies would be comparable.  Although 

used in 1997, the C. tentans sediment toxicity test was not included in the current study because 

the 1997 work found it not to be a sensitive test for detecting the effects of AMD pollution.  To 

replace that biotic parameter, Asian clam growth was included in 2004.   

3.3 Results and Discussion 

3.3.1 Water Quality 

 Improvements in water quality attributed to wetland construction were detected at some, 

but not all sites.  In 1997, the two lowest mean pH measurements were recorded at sites SW-8 

and SW-9, 2.93 and 4.04, respectively.  Less than one year after wetland construction was 

completed the pH had risen to circumneutral or above at both sites (Table 10).  Increased pH at 

SW-6, which was downstream of the wetland remediation at Goose Creek, indicated 

improvement as well with pH ranges rising from 4.70 in 1997 6.97 in 2004.  There were 

significant increases of pH at sites directly below AMD remediation.  The lowest pH values 
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recorded in 2004 were at SW-11 with a mean pH of 6.41.  This site is in Ely Creek upstream of 

any remediation work and is influenced by unremediated AMD seeps.  The pH values measured 

at all sites below the remediation increased in 2004, relative to 1997 levels. 

Aluminum levels in the water column were above the Criterion Continuous 

Concentration (CCC=0.087 mg L-1) set by the US EPA (US EPA, 2002b) at three of the sites 

sampled in 2004.  SW-11 had the highest Al concentration at 1.129 mg L-1. SW-6 and SW-7 both 

had similar Al levels above the CCC at 0.2791 and 0.2739 mg L-1, respectively, but well below 

levels recorded at those sites in 1997.  SW-7 was still impacted by upstream AMD from SW-11, 

but there was no obvious reason for SW-6 to have elevated Al levels.  All other sites had Al 

concentrations below the CCC (Table 10).  LeFevre and Sharpe (2002) found similar results in 

that after high Al acidic stream water was neutralized, dissolved Al levels were significantly 

decreased.   

 Conductivity exhibited a pattern similar to pH (Table 10), with the greatest decreases 

occurring at SW-8 and SW-9.  Prior to remediation, SW-8 had a mean water column 

conductivity value of 2420 µmhos cm-1.  This value decreased significantly to 267 µmhos cm-1 in 

2004.  The conductivity at SW-9, after remediation, was less than either of the reference sites, 

SW-14/16 and SW-15.  The increase in conductivity from SW-9 to SW-6 is likely due to 

discharge from a residential area between the two. 

Previous research has demonstrated that AMD can be remediated using SAPS wetland 

systems similar to those applied at Ely Creek.   Working at a site in Virginia, Duddleston et al. 

(1992) demonstrated the capability of wetland systems, similar to those constructed at Ely Creek, 

to remediate circumneutral coal-mine discharge waters by increasing water-column alkalinity, 

which had the effect of reducing acid-soluble metal (Fe and Mn) concentrations. Working in 

western Pennsylvania, Kepler and McCleary (1994) demonstrated the efficacy of these systems 

when applied to mine discharge water with pHs as low as 3.0. Jage et al. (2001) demonstrated 
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that SAPS systems were capable of renovating a wide range of AMD-affected coal mine 

discharges in southern West Virginia and southern Virginia.  Working in eastern Kentucky, 

Barton and Karathanasis (1999) demonstrated the capability of SAPS systems, when used in 

association with passive-treatment methods, to renovate a metal-laden acidic mine discharge that 

had caused a surface-flow wetland treatment system to fail. 

3.3.2 Asian Clam in situ Testing 

 Asian clams were used for this study because they are successful invaders, abundant 

throughout many Appalachian watersheds and readily available.  Bivalves have been shown to 

be excellent indicators of environmental perturbations when used for in situ testing (Salazar and 

Salazar, 1997), specifically for detecting AMD effects (Grout and Levings, 2001) due to their 

sedentary lifestyle spent accumulating constituents from the water column from which they feed 

and their inability to avoid disturbances.  The in situ testing using Asian clams presented a 

representative picture of the overall health at the different sites within the Ely Creek watershed.  

The in situ testing results presented in Cherry et al. (2001) showed that 13 of the 20 sites tested 

had clam mortalities of at least 50%.  In 2004, clam survivorship was lowest at SW-11 and SW-

13 with 24% and 32%, respectively (Table 11).  Both of these sites were impacted by AMD 

seeps that have not been remediated.  Asian clam survivorship at SW-8, below the newly 

remediated wetland site on Goose Creek, improved from 0% in 1997 to 92% in 2004.  

Survivorship at SW-4, just above the confluence of Ely Creek and Stone Creek improved from 

0% in 1997 to 84% in 2004.  Clams were not deployed at SW-9 due to insufficient flow. 

 Asian clam growth was measured for all sites and SW-6 had the greatest mean growth, 

1.62 mm, which was probably due to the combined effects of improved water quality from the 

AMD remediation with organic enrichment from households upstream.  This source of extra 

organic material (enrichment) would explain the discrepancy between clam growth at SW-6 and 
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the reference sites, SW-14/16 and SW-15, which had mean growth of 0.56 and 0.18 mm, 

respectively (Table 11).  Household wastes do not heavily influence those sites.  

The Asian clam growth data are presented as replicate mean growth.  Some values 

decreased, likely for one of two reasons; either the mortality of a larger clam unduly influenced 

the final mean value below the original, or due to environmental stress the clams resorbed their 

shell through a process known as �degrowth� explained by Russel-Hunter (1985) and 

demonstrated in the field by Belanger et al. (1990).  Raw Asian clam data from 1997 was 

unavailable therefore statistical comparison between 1997 and 2004 was impossible. 

3.3.3 Sediment Toxicity Testing 

 The results of the D. magna 10-day sediment toxicity test indicated improvements for all 

sites.  Survival in 1997 ranged from 0-80% and improved to 70-100% in 2004 (Table 12).  In 

2004, the site with the lowest survival was SW-8, at 70%, which was an improvement from 0% 

in 1997.  Reference site (SW-14/16, SW-15) survival also increased in 2004.  

 Iron concentrations in collected sediments increased substantially from 1997 to 2004 

(Table 12).  Because mortality decreased while Fe levels increased, the hypothesis that 

overlaying water chemistry is more important for overall health than sediment chemistry (Soucek 

et al. 2000a), is supported by these results.  A possible reason that sediment Fe levels increased is 

that as the water column pH increased, dissolved metals precipitated out (Nordstrom, 1982) and 

either flocculated into �Yellow-boy� or were incorporated into the sediment.  The water column 

Fe levels in 2004 support this idea where the high levels from SW-11 decreased after mixing 

with the discharge from the wetlands, dropping to near reference levels by SW-4 (Table 11).  

Since the acidity of the overlaying water had been neutralized by the wetland remediation system 

the bioavailability of the Fe was likely decreased.  Historical mining in the upper reaches of Ely 
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Creek may account for the increases and variability in sediment bound Fe found at the upstream 

reference sites. 

 There have been concerns about the lack of environmental realism associated with static 

renewal sediment toxicity tests; however, Soucek et al. (2000b) found that sediment toxicity 

testing contributed significantly to ETR development for a nearby AMD impacted stream and the 

ASTM (1995) protocol does justify the use of D. magna, a lentic organism to test lotic 

sediments.  Further evidence to support this type of testing was found in data from 1997 (Table 

12) that indicated that some sites did have highly toxic sediments, even after dilution with 

reference water.  The use of more environmentally real, flow-through systems or artificial 

streams is not always feasible due to space or budgetary concerns and static renewal type testing 

allows for economical and reproducible results. 

3.3.4 Ceriodaphnia dubia Acute Water Column Testing 

 Water column acute toxicity testing using C. dubia indicate that improvements due to 

AMD remediation have been substantial.  In 1997, SW-6 was the only non-reference site within 

Ely Creek that did not have 100% mortality; in 2004 survivorship at all sites was 95% or greater 

(Table 12). AMD remediation increased water column pH and caused Al to decline, as well as a 

likely decrease in water column concentrations and toxicity due to other AMD-mobilized metals.  

As the pH range shifts from three to eight, the dominant copper species found in waters shifts 

from the highly toxic cupric ion (Cu++) to the less toxic copper complex, CuCO3 (Black et al., 

1973).   Belanger and Cherry (1990) found results indicating increased toxicity of both zinc and 

copper in water with lowered pH. The SAPS AMD remediation systems increase both the 

alkalinity and the hardness of discharged waters.  Increases in these two water quality parameters 

are major factors in mitigating water column toxicity as dissolved metals have been shown to 

complex with the carbonates (Black et al., 1973).  Decreased toxicity of zinc to fathead minnows 
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and rainbow trout has been observed in high hardness waters (Mount, 1966, Lloyd, 1960).  

Improved water quality throughout Ely Creek has likely decreased the downstream water quality 

impacts on Stone Creek and the North Fork of the Powell River.   

3.3.5 Benthic Macroinvertebrates 

 Of the macroinvertebrate indices used for this study, the one that showed the most 

consistent improvement was total taxa richness.  Between 10 and 18 taxa were identified in 1997 

at the reference sites.  In 2004, all but SW-13 had higher richness values than 1997, with the 

reference site SW-15 having 29 total taxa identified (Table 13).  In 2004, taxa richness values 

increased for all sites compared to 1997 levels; however, the percent Ephemeroptera abundance 

values did not (Table 13).  This was a predictable result because as the ecosystem improved, 

more tolerant taxa colonized first, with more sensitive taxa colonizing later.  SW-14/16 and SW-

9 were not sampled in 2004 for macroinvertebrates due to low flow.  

Ephemeroptera abundance at SW-4 increased from 0% in 1997 to 4.7% in 2004 (Table 

13).  This indicated that as the quality of the watershed was enhanced, invertebrates from Stone 

Creek were able to establish populations within this previously deserted habitat, likely due to 

adults flying upstream and reproducing.  The three insect orders encompassed by EPT are often 

used as sensitive indicators of environmental health (Rosenberg and Resh, 1996), so by 

evaluating EPT abundance, it can be determined not only that there is new colonization, but 

colonization by environmentally sensitive organisms.  In 2004, the highest EPT values occur at 

the upstream reference (SW 15) and at two sites at the lower end of Ely Creek (SW4 and SW6), 

indicating that these sensitive taxa are colonizing from the bottom up and from the top down, and 

that further colonization of sites with lower EPT abundance values in 2004 is possible with 

continued recovery. The high EPT abundance at SW-4 was dominated by the Hydropsychidae 

family, which has been shown to be more tolerant than other EPT families (Kennedy et al., 
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2003), indicating that impacts of pollution from upstream persist and/or that the community is 

still in the early stages of recovery. Researchers in the Sil River basin in Spain, a river also 

affected by coal mining activity, found similar results in that trichopteran richness increased with 

distance from mining perturbations (Fernandez-Alaez et al., 2002).  To be consistent with Cherry 

et al. (2001) this study only looked at EPT, not EPT minus Hydropsychidae, which is sometimes 

used as a more sensitive endpoint of environmental stress. 

Recovery time is an important aspect of this study.  Specht et al. (1984) reported that the 

macroinvertebrate recovery of a stream impacted by coal fly ash began two months after 

construction of an ash-settling basin and had fully recovered by ten months.  Brenner and Helm 

(1991) reported invertebrate colonization had begun three months after stream disturbance 

ceased, after which the number of taxa re-colonizing the stream continued to increase for 12 

months when their study ended.  Guthrie et al. (1981) began seeing re-colonization of an ash 

settling basin drainage system after four months and resilient insect recovery after approximately 

12 months.  Cherry et al. (1984) described the recovery of resilient benthic macroinvertebrates 

(i.e. insects, snails, crayfish) and mosquitofish (Gambusia affinis) affected by multiple stressors, 

coal ash siltation, acidic pH and high trace metals over an 8-yr period and found that some hardy 

insects and snails required 2 yrs for recovery while other insects, crayfish and mosquitofish 

needed four years.  The taxa richness and EPT abundance data (Table 13) support the time frame 

of 10-12 months for initial recovery.  The wetland systems were completed in October, 2003 and 

by August, 2004, taxa richness values in Ely Creek had increased to at least 1997 reference site 

values except for the two sites still affected by AMD.  Long-term recovery and further AMD 

mitigation still needs to take place evidenced by the lack of ephemeropterans and low EPT 

values at sites SW-8, SW-11 and SW-13. 
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3.3.6 Ecotoxicological Ratings 

 The ETR scores for SW-9 and SW-14/16 in 2004 were inferred for benthic 

macroinvertebrates, as were Asian clam scores for SW-9 because low flow conditions prevented 

clam deployment and invertebrate sampling.  For SW-9 a total taxa richness ETR score of seven 

was assigned because of similarities in water quality and proximity to a new wetland, as was 

SW-8.  An ETR score of nine was given to SW-14/16 for total taxa richness because it was a 

reference site.  ETR scores of one were assigned to SW-9 and SW-14/16 for percent 

Ephemeroptera because all sites except SW-15 scored ones.  SW-9 received ETR scores of nine 

and four, for Asian clam survival and growth respectively, because of similarities to SW-8, 

except SW-9 had decreased metal deposition on sediments (Table 12). 

 A comparison of ETRs for 1997 and 2004 demonstrates that sites previously impacted by 

AMD have been greatly improved (Figure 8).  In 1997 no site scored >89.25 and all but the two 

reference sites scored <60.  In 2004, none of the sites scored lower than 60.25 but there were still 

four sites in the 60-70 range.  This was a positive change for these sites where ETRs ranged from 

5.25 (SW-8) to 49.0 (SW-13) in 1997 before remediation, an improvement of at least 12 ETR 

points in less than one year (Figure 8).  The site that has shown the most improvement was SW-

8, which was ranked at 5.25 before remediation and improved to 67.5 in 2004.  The Bean Creek 

tributary of Ely Creek (SW-6 and SW-9) benefited from the wetland system installed above SW-

9 with a mean improvement of 33.2 ETR points. The sites within the Ely Creek watershed in this 

study, as a whole, improved by an average of 26.9 ETR points from 1997 to 2004.    

3.4 Conclusions 

 Ely Creek and its tributaries benefited from the construction of the passive wetland 

systems to remediate AMD seeps above sites SW-8 and SW-9.  The system�s ecotoxicological 

status has improved throughout, especially below the remediation systems, as evidenced by 
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healthier laboratory toxicity testing results using C. dubia and increases in benthic 

macroinvertebrate communities.  Although sediment Fe levels have increased at sites below 

remediated AMD seeps, sediment toxicity has decreased indicating that Fe precipitates have 

been converted to less bioavailable forms.  Improved in situ Asian clam survivorship below the 

remediated AMD seeps reflected the system�s recovery, while lack of recovery at sites 

influenced by remaining non-remediated AMD seeps demonstrates their continuing impact.  The 

ETRs for all sites below AMD remediation improved in 2004, relative to 1997 levels.  The two 

sites that showed the least improvement, SW-11 and SW-13, were those still impacted by un-

mitigated AMD seeps.  Comparison of 1997 and 2004 ETR values indicated that SW-8, the most 

impacted site in 1997, exhibited the greatest improvement in 2004, despite the fact that less than 

one year had elapsed since remediation was completed.  Benthic macroinvertebrate data indicate 

that recovery may still be continuing.  While in 2004 several sites were still considered stressed, 

the positive changes during the year following remediation should be considered a benefit to the 

ecological health of Ely Creek and its receiving systems.  Although the major sources of AMD 

previously impacting Ely Creek have been remediated, Ely Creek�s condition would be further 

improved by remediation of the AMD seeps at sites SW-11 and SW-13. Further monitoring and 

maintenance of Ely Creek is necessary to ensure that the remediation completed continues to 

perform as planned to prevent AMD impacts, which have historically stressed this headwater 

stream to the North Fork Powell River.   
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Figure 7.  Diagram of the Ely Creek watershed with sampling stations from 2004, modified from 
Cherry et al. (2001). 
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Figure 8.  Comparisons of 1997 ecotoxicological rating (ETR) scores from Cherry et al. (2001) 
to 2004. 
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Table 9.  Ecotoxicological rating procedure for Ely Creek (Lee Co. Virginia), modified from 
Cherry et al. (2001). 
 
Parameter     ETR procedure and values/concentrations   
        Lowest score (1) Highest score (10) Value 
Taxon Richness (x 1.25)  0 ≥18 12.5 
% Ephemeroptera abundance (x1.25) 0 69 12.5 
Mean pH (1.25)   2.93 ± 0.17 6.97 ± 0.53 12.5 
%Clam survival (x1.0)  0 100 10 
%Ceriodaphnia dubia survival (x1.0) 0 100 10 
Mean conductivity (x1.0)  2420 ± 1062 50 ± 6 10 
%Daphnia magna survival (x1.0)  0 100 10 
Clam growth (x0.75) a   -0.16 1.62 7.5 
Iron/sediment (x0.75)   18,392 1124 7.5 
Aluminum/water (x0.75)  9.56 0.08 7.5 
       
Total             100 
 

a Clam growth replaced Chironomus tentans survival from 1997. 
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Table 10.  Water chemistry comparisons from 1997 and 2004.  
 

                    Conductivity   Al in Water Column
 Site   pH   (µmhos cm-1)   (mg L-1) 
Year   1997 2004  1997 2004   1997 2004 
SW-4  5.97 ± 1.21 7.37 ± 0.39 347 ± 128 409 ± 27  9.28 0.0056 
SW-6  4.70 ± 0.97 6.97 ± 0.14 a 315 ± 156 711 ± 141 a  4.74 0.2791 
SW-7  5.59 ± 0.62 6.93 ± 0.18 403 ± 46 484 ± 145  3.95 0.2739 
SW-8  2.93 ± 0.17 7.14 ± 0.35 a 2420 ± 1062 267 ± 90 a  10.10 0.0182 
SW-9  4.04 ± 0.28 7.41 ± 0.15 a 395 ± 193 56 ± 14 a  7.55 0.0223 
SW-11  5.71 ± 0.97 6.41 ± 0.10 400 ± 44 394 ± 3  8.38 1.129 
SW-13  6.97 ± 0.71  7.05 ± 0.39 137 ± 25 237 ± 110  0.54 <0.0053 

SW-14/16  6.61 ± 0.30 7.55 ± 0.24 a 130 ± 17 130 ± 12  0.26/0.19 <0.0053 
SW-15   7.15 ± 0.81 7.38 ± 0.23  83 ± 11 108 ± 19   0.39 0.0176 

 

a Significant differences in pH and conductivity from 1997 (Student�s t-test, α=0.05). 
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Table 11.  Comparison of Asian clam (Corbicula fluminea) survival from Cherry et al. (2001) 
and 2004, Asian clam growth values from 2004 and iron (Fe) in the water column from 2004. 
 

    Asian Clam   Asian Clam Growth   Fe in water column
Site    % Survival   (mm)   (mg L-1) 
Year   1997 2004 a   2004 a   2004 
SW-4  0 84 a  0.57 b  0.2341 
SW-6  50 100 a  1.62 a  0.571 
SW-7  75 100 a  0.50 b  4.815 
SW-8  0 92 a  -0.0005 cd  2.685 
SW-9  0 �  �  0.2106 

SW-11  0 24 b  0.15 c  9.81 
SW-13  0 32 b  -0.16 d  0.0043 

SW-14/16  100/100 100 a  0.56 b  0.0597 
SW-15   20 96 a   0.18 c   0.1933 

                

              a Different letters denote statistical differences (Students t-test, α=0.05) 
          � Insufficient flow, clams not deployed. 
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Table 12.  Comparisons between Daphnia magna chronic sediment toxicity testing, iron (Fe) 
concentrations in sediments and Ceriodaphnia dubia acute water column toxicity testing from 
Cherry et al. (2001) and 2004. 
 

   Daphnia magna   Fe in sediments   Ceriodaphnia dubia
 Site   % Survival   (mg kg-1)   %  Survival  
Year   1997 2004    1997 2004   1997 2004
SW-4  44 90 a  10859 36670  0 95 a 

SW-6  68 95 a  3230 19480  100 100 
SW-7  44 95 a  3829 40260  0 95 a 

SW-8  0 70 a  18392 37380  0 100 a 

SW-9  80 100 a  5620 23270  0 100 a 

SW-11  24 95 a  5658 71400  0 95 a 

SW-13  12 95 a  3138 31180  0 100 a 

SW-14/16  0/24 85 a  4415 b 25700  100/100 95 
SW-15   0 100 a   2817 8750   95 100 

        

        a Significant differences in D. magna and C. dubia percent survival from 1997 (Students t-          
test, α=0.05) 
        b mean value for SW-14 and SW-16 from 1997 
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Table 13.  Comparisons of benthic macroinvertebrate assemblages from Cherry et al. (2001) to 
2004 at Ely Creek. 
 

      % Ephemeroptera 
Site  Taxa Richness              Abundance EPT a Abundance 
Year   1997 2004   1997 2004  1997 2004 
SW-4  0 24  0 4.7  0 76 
SW-6  0 16  0 0  0 11 
SW-7  0 12  0 3.4  0 1 
SW-8  0 13  0 0  0 2 
SW-9  1 �  0 �  0 � 

SW-11  4 12  0 0  7 0 
SW-13  3 6  25 0  2 0 

SW-14/16  16/13 �  44.5/49.5 �  79/71 � 
SW-15   10 29   9.4 12.1  14 26 

         
            a Ephemeroptera-Plecoptera-Trichoptera. 
        � No benthic macroinvertebrates collected for those sites due to low flow. 
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4.  The Ecotoxicological Condition of Black Creek (Wise Co. VA) During Re-

Mining and Reclamation. 

 

Abstract.  An integrative bioassessment of Black Creek in Wise County, VA was carried out to 

determine what ecological effects re-mining and reclamation were having on a watershed 

impacted by acid mine drainage (AMD).  Bioassessment data collected included water column, 

sediment and in situ toxicity testing results, water column pH, conductivity and aluminum 

concentrations, sediment iron concentrations, rapid bioassessment scores and benthic 

macroinvertebrate surveys.  Asian clam in situ toxicity testing resulted in 100% mortality at two 

major AMD seeps and water quality results indicated that these seeps were the major sources of 

pollution into the upper portion of Black Creek.  These data were collected in 2004, after 

completion of AMD remediation activities in the upper watershed and while active coal mining 

operations continued in the lower watershed. Data from 2004 and from a previous study, 

conducted prior to initiation of mining and reclamation, were used to construct ecotoxicological 

ratings (ETR) for sites within Black Creek; ETRs for the two time periods were compared.  

Asian clam survivorship and growth and water quality improved in and below constructed 

wetlands, indicating that remediation activities have had positive effects in the upper portion of 

the watershed.  Of the AMD-impacted sites, a downstream site below the active coal-mining 

operations had the highest ETR both prior to remediation and in 2004, despite the increased 

sediment toxicity, decreased macroinvertebrate taxa richness and elevated Al levels compared to 

the upstream reference.  



 88

4.1 Introduction  

Native freshwater mussels are the most imperiled faunal group in the United States 

(Master et al., 2000).  Thirty-four of 73 native mussel species in Virginia are considered 

endangered or threatened (Neves, 1991), with many more throughout the Appalachian region 

having a similar status (Parmalee and Bogen, 1998).  The Powell River is part of the Tennessee-

Cumberland River Basin, a national biodiversity preservation priority watershed and home to 

many of the last remaining assemblages of North American freshwater mussels, which are 

declining (Chaplin et al., 2000).  The observed mussel decline is believed to have occurred in 

response to anthropogenic influences (Neves et al. 1997) and prior studies have identified coal 

extraction as a major stressor in the watershed (Diamond et al., 2002).  

Cherry et al. (1995) surveyed southwestern Virginia streams known to be influenced by 

acid mine drainage (AMD), and found the two most heavily impacted streams (Black Creek and 

Ely Creek) both occur in the Powell River watershed, with Black Creek occurring as a tributary 

of the Powell.  Previous impacts on the Powell River directly from Black Creek were best 

described by benthic macroinvertebrate data.  In May of 1994 discharge from Black Creek 

almost halved the Ephemeroptera-Plecoptera-Trichoptera (EPT) totals and completely eliminated 

the sensitive order of Ephemeroptera below the confluence with the Powell River, when 

compared to directly above.  Sampling in November of that year had different results with the 

sensitive orders increasing below Black Creek; however, total abundance was still reduced.  The 

results from the biological and chemical assessment work done by Cherry et al. (1995) 

eventually contributed to the state of Virginia�s decision to include Black Creek in its list of 

impaired watersheds (Virginia DEQ, 2004). 

The landscape around Black Creek is surrounded by abandoned mined land (AML), areas 

that were mined prior to the 1977 enactment of the Surface Mining Control and Reclamation Act 

(SMCRA), were inadequately reclaimed, and remain as environmental liabilities today.  Much 
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pre-law AML was left un-reclaimed, as was the case in Black Creek where early coal mining 

was believed to have been completed in the early 1960�s and the landscape was left un-

reclaimed.  The high-walls and spoil piles that came to represent pre-SMCRA, Appalachian coal 

mining dominated the topography of this watershed and were the sources of pollutants into Black 

Creek.  Land use throughout the Black Creek watershed was 24.7% forest, 56.9% disturbed lands 

16.3% spoils, 1.7% benches, and 0.4% water (MapTech Inc., 2002).  Most (74.9%) of the 

draining landscape in Black Creek had been directly affected by coal mining operations, prior to 

1996, including 1,031 of the 1,930 acres originally permitted for mining in 1996 (Red River 

Coal, 1996). 

Remediation activities at Black Creek have included remining and reclamation under 

SMCRA, and additional AML reclamation activities. Because acreages of unreclaimed AML 

nationally far exceed that which can be reclaimed with available government funds (Santopietro 

and Zipper, 1996), state and federal mine regulatory agencies have developed incentives for 

active coal operations to remine AML sites, and to reclaim those sites to modern environmental 

standards (Zipper and Lambert, 1998). Virginia Department of Mines, Minerals and Energy 

(DMME) issued a permit for Black Creek watershed in 1996 that combined remining of AML 

with mining of previously unmined areas. 

Mining operations in Black Creek were of the mountain top removal/area mining type, 

using hollow fills and re-grading to restore the landscape to the approximate original contour.  

To reduce AMD formation and AMD seeps present in the upper watershed, exposed coal seams 

and coal partings were isolated from the water table and any other toxic strata were bulk blended 

with non-acid producing spoil.  Revegetation of the disturbed areas was done using 

salvaged/stockpiled topsoil seeded predominantly with weeping lovegrass (Eragrosits curvula) 

and orchard grass (Dactylis glomerata), with ladino clover (Trifolium repens) and birdsfoot 

trefoil (Lotus corniculatus) for legumes.  Re-forestation was accomplished mainly with white 
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pine (Pinus strobus) and black locust (Robinia pseudoacacia).  Permitted post-mining uses for 

this area are unmanaged forest, aquatic resources and gas extraction (DMME 2005, Red River 

Coal, 1996).  The lower portion of Black Creek was mined nearly to the stream edge 

approximately 1.6 kilometers upstream from US 58, leaving a narrow riparian zone with most of 

the tree-cover removed, but the mining operation did not disturb the stream bed as originally 

proposed. At the time of bioassessment sampling in 2004, mining in the upper watershed had 

been discontinued, but in the lower watershed mining activities remained in progress. Most of 

the areas adjacent to Black Creek had been reclaimed but had not yet been bond released. 

Several point-source discharges permitted to the mining operation remained active in the lower 

watershed.   

In addition, Virginia Department of Mines, Minerals and Energy has performed 

reclamation activities in Black Creek watershed for the purpose of aiding in mitigation of those 

AMD impacts that were not addressed by remining. Two wetlands receiving AMD were known 

to contain sediments with high levels of iron and other metals; these were removed and replaced 

in 2001 by installing two constructed wetlands, directly above and below VA 618 (Figure 9), for 

the purpose of improving the water quality in Black Creek (MapTech Inc., 2002). The objective 

of this study was to determine the ecotoxicological condition of Black Creek in 2004, after 

wetland reconstruction but before completion of mining operations, and to compare that 

condition to what had been found prior to remediation by earlier studies (Cherry et al. 1997).  

4.2 Materials and Methods 

4.2.1 Study Site 

 Cherry et al. (1997) sampled 23 stations in Black Creek during 1995 and 1996; however, 

AML remediation activities have taken place since then and some seeps have ceased to exist or 

have been otherwise altered.  For the current study, nine sites were chosen based upon current 
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seep status and accessibility (Figure 9). Access to the lower portion of the watershed, between 

VA 618 and US 58, was limited due to current mining operations so only LBC-1, the upper 

wetland site, and LBC-5, which is accessible from US highway 58, were re-sampled in the lower 

portion of the watershed.  The landscape at UD-5 had been drastically altered since the 1996 

study so the major AMD seep listed, as UD-5 in 2004, was most likely a combination of UD-5 

and UD-6 from 1996.  Stream morphology between UBC-5 and LBC-1 was shallow and slow 

moving with emergent vegetation (cattails, Typha spp., willows, Salix spp.), a change from the 

lotic stream above UBC-5, to a wetland below.   

4.2.2 Water and Sediment Chemistry 

 Water quality parameters were measured three times, in July, August and October of 

2004.  Unfiltered water samples were collected in acid washed one-liter polyethylene bottles and 

transported to the lab on ice where they were refrigerated at 4° C until analyzed (less than 24 

hours after collection).  The pH was measured using an Accumet® BASIC AB15 (Fisher 

Scientific) bench meter.  An YSI 30/10 FT (YSI Inc., Yellow Springs, OH) conductivity meter 

was used to measure the conductivity.  

Grab samples of water and sediments were also collected from each site for metals 

analysis and prepared according to Martin et al. (1994).  Digested samples were sent to the Soil 

Testing Laboratory at Virginia Tech where they were analyzed via Inductively Coupled Plasma 

Spectrometry for iron (Fe), aluminum (Al), zinc (Zn) and manganese (Mn) levels.  Metals are 

reported as mg L-1 and mg kg-1 for water and sediment samples, respectively.   

4.2.3 Asian Clam in situ Testing (8-19-04 to 10-27-04) 

Asian clams were collected from the New River near McCoy Falls, VA and were 

measured from hinge to the ventral margin, prior to and after exposure using Fowler Pro-Max 
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electronic digital calipers, measuring to the nearest 0.01mm.  Only clams between 8.90 mm and 

12.10 mm were used.  Using 18 x 36 cm mesh bags (0.5 cm2 mesh size), five replicates with five 

clams per bag were secured into the sediment at each site with rebar.  The bags were left in situ 

for 69 days and both mortality and growth were recorded.  Mortality was based upon both valves 

being open or easily opened with a prying tool and growth was determined by comparing mean 

initial size to mean final size for each bag. 

4.2.4 Sediment Toxicity Testing  

 Sediment samples were collected from each site and transported in plastic bags on ice to 

the laboratory where they were refrigerated at 4° C until tested.  Sediment toxicity tests were run 

for all sites using D.  magna, according to Nebecker (1984) and ASTM (1995) with some 

modifications.  Tests were run in 250 ml glass beakers with 50 ml of sediment and 150 ml of 

stream water.  Overlaying water was collected from Sinking Creek, Newport, Giles Co. VA, 

which has been used successfully in the past for both testing and organism culturing.  Each site 

had four replicates with five D. magna in each with changeovers every day for 10 days.  Water 

was renewed by carefully decanting approximately 100 ml of water, taking care to neither injure 

the test organisms nor disturb the sediment.  Test chambers were then re-filled with filtered 

Sinking Creek water and fed a daily diet of Selenastrum capricornutum.  Both mortality and 

reproduction were recorded daily.  Results were compared between sites and against an artificial 

control that consisted of 50 ml of acid-washed play sand overlaid with Sinking Creek water.   

4.2.5 Ceriodaphnia dubia Acute Water Column Testing 

 Water column toxicity tests were conducted following US Environmental Protection 

Agency (US EPA) protocols for 48-h static, non-renewal toxicity testing (US EPA, 2002a).  

Samples were collected from each site using acid-washed 1-l polyethylene bottles.  Four 50 ml 
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glass beakers with five neonates, <24 hours old, were used for testing with mortality recorded 

after 24 and 48 hours.  Synthetic moderately hard water, prepared according to US EPA (2002a), 

was used as an additional control.   

4.2.6 Benthic Macroinvertebrates 

 Benthic macroinvertebrates were collected during August 2004 following the guidelines 

in the US EPA rapid bioassement protocols (Barbour et al., 1999).  Each site was thoroughly 

sampled for various habitat types including, riffles, pools and margins.  All specimens were 

preserved in 80% ethanol and identified to the genus level when possible using Merritt and 

Cummins (1996).  Data were analyzed for total taxa richness, percent Ephemeroptera abundance, 

Ephemeroptera-Plecoptera-Trichoptera (EPT) richness and EPT abundance.   

4.2.7 Statistical Analysis 

 Differences in survival, growth and reproduction for all toxicity tests, as well as pH and 

conductivity were compared using ANOVA and Student�s t-test, to test for significant 

differences at the 95% confidence level using JMP IN® 5.1 software (Sall et al., 2005). 

4.2.8 Ecotoxicological Rating (ETR) 

 In order to determine and compare ecotoxicological status at various points within the 

watershed, an ETR system was developed and applied, referencing the ETR used to assess the 

ecotoxicological status and recovery of another AMD-impacted stream in southwestern Virginia, 

Ely Creek in Lee County, VA (Cherry et al., 2001; Simon et al., in review).   This ETR (Cherry 

et al., 2001) used ten ecotoxicological parameters to rate each site, which included: (1) taxon 

richness; (2) percent Ephemeroptera abundance; (3) mean pH; (4) percent Asian clam survival; 

(5) percent C. dubia survival; (6) mean conductivity; (7) percent D. magna survival; (8) percent 

Chironomus tentans survival; (9) sediment Fe concentrations; and (10) water column Al 
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concentrations.  For each site these ten parameters were ranked according to their relative values 

within the watershed and given a score up to 100.  The current study applied an ETR that used 

the most of the same parameters. Because Cherry et al. (2001) found the C. tentans sediment 

toxicity test to be not sensitive for detecting the effects of AMD pollution it was replaced with an 

Asian clam growth parameter.  Asian clam survival replaced the rapid bioassessment protocol 

(RBP) score and the daphnid species was changed for acute water column testing during 2004 

(Table 14).  These ETR scores can be compared to previous ones to determine how much sites 

impacted by AMD have changed, due to remediation efforts.   

 The previous studies did not develop an ETR developed for sites within Black Creek but 

detailed ecotoxicological data regarding the Black Creek watershed in its pre-re-mined condition, 

collected in 1995 and 1996, were available from two sources (Cherry et al., 1997 and Yeager, 

2003) and these data were used to calculate ETR scores representative of pre-remediation 

conditions for those sites that were re-sampled in 2004 as well as two sites (UD-1 and UD-6) not 

re-sampled. For each parameter, scores were assigned to each site by dividing the range of values 

into ten equal segments; each site was then assigned a score (1-10) accordingly, based on the 

correspondence of its measured value with those segments.  That score was then multiplied by 

1.25, 1.0 or 0.75, depending on the parameter weighting.  Parameters with more sensitive 

endpoints (benthic macroinvertebrate data and pH) were weighted more heavily than those with 

less sensitive endpoints (water and sediment metals, Asian clam growth and C. tentans survival). 

For each site, the 10-parameter values were summed to calculate each site�s ETR (Table 14).  

The ETR parameter value scale was based on the 1996 data and not re-scaled during 2004 so 

results for both studies would be comparable.  However, the ETRs from 1996 and 2004 use 

slightly different parameters to calculate their ETRs and those parameters were scaled 

individually as necessary (Table 14).   
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The nine sites that were eventually chosen to represent Black Creek in its pre-remediation 

state were chosen based upon the completeness of their data sets from the previous reports.  

Complete methods and results sections of all laboratory and field work done for previous studies 

can be found in Cherry et al. (1997) and Yeager (2003). 

4.3 Results and Discussion 

4.3.1 Water Quality 

 In 2004, there were still major AMD seeps discharging into the upper portion of Black 

Creek (UD-2a, UD-5) that contributed metals and reduced stream pH.  Site UD-7 may also have 

contributed to lowered water quality; however, it was more ephemeral than the other two seeps 

and its water quality improved in 2004.  UD-7 had the greatest increase in pH, with the mean pH 

elevated by 3.15 pH units in 2004 over the 1996 mean (Table 15).  The only other site that had a 

significant increase in pH was UD-5.  Overall, the pH of the water column throughout Black 

Creek remained relatively stable, with some slight increases between 1996 and 2004.  

Conductivity throughout Black Creek was stable from 1996 to 2004 as well.  The greatest change 

was at UD-5 where conductivity increased in 2004 (Table 15).  The pH and conductivity of the 

water column discharged into the Powell River were not at impaired (i.e., similar to UD-5) levels 

during either sampling period. 

Six of nine sites in 2004 had Al levels in the water column that were above the Criterion 

Continuous Concentration (CCC) set by the US EPA of 0.087 mg L-1 (US EPA, 2002b)(Table 

15).   However, given that CCC levels were exceeded at several sites where pH > 7, far 

downstream from the AMD seeps, and that samples were not filtered prior to analysis for Al, 

some portion of the analyzed Al may have occurred as non-bioavailable mineral components of 

transported colloidal sediments.  The measured Al levels represent an improvement from 1996 

when all sites sampled had values that exceeded the CCC.  The fact that water column Al levels 



 96

increased from LBC-1 to LBC-5 indicates either a source of Al input between the two sites or a 

greater stream velocity at LBC-5 that keeps more suspended colloids in suspension at the 

sampling depth.  The two major AMD seeps (UD-2a and UD-5) were the only sites that had Al 

values that exceeded the acute, Criteria Maximum Concentration (CMC) of 0.750 mg L-1 (US 

EPA, 2002b), in 2004, indicating that these sites were the major source of metal contamination in 

2004.  These two sites also had low pH, indicating a likelihood that the measured Al remained in 

bioavailable forms.  The AMD seep UD-5 had Al levels of 12.44 mg L-1, more than 16 times 

above the CMC in 2004, which was an improvement from 1996 (Table 15). 

The water quality in Black Creek has benefited from AML reclamation as well as from 

the construction of the wetlands and settling ponds.  Further mitigation of the remaining seeps, 

especially UD-2a and UD-5, would greatly improve the water quality in the upper reaches of 

Black Creek.  While Al levels decreased 100-fold at LBC-5, compared to upstream AMD, Al 

was still being discharged into the Powell River from Black Creek at levels above the US EPA 

CCC.  The US EPA CCC was used as the benchmark to determine the ETR score but levels 

above the CCC are not necessarily toxic (US EPA, 2002b), especially in neutral waters.  Soucek 

et al. (2001) determined the average lethal concentration to 50% of test organisms (LC50) in 

waters with pH >7 to be 2.88 mg L-1 Al, more than 33 times greater than the CCC.     

4.3.2 Asian Clam in situ Testing (8-19-04 to 10-27-04) 

 In situ bioassays using bivalves provide realistic toxicological endpoints that are 

ecologically meaningful, using unstressed organisms that are deployed in the field for a 

prescribed length of time and can be compared statistically to describe the combined biological 

effects that each sampling site contributes to benthic organisms (Salazar & Salazar, 1997).  The 

only sites that had significantly lower survivorship than the upstream reference were the two 

major AMD seeps and LBC-1 (Table 16).  Both major AMD seeps were 100% toxic to the clams 
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after only 69 days, indicating that indigenous benthic organisms would likely not survive at those 

sites either.  The clams grew the best at LBC-1 (Table 16), which is at the point between the two 

constructed wetlands.  They likely grew well due to increased organic matter from the wetland.    

Clam survivorship increased to 100% and growth increased to upstream levels by LBC-5 

indicating that water quality had improved significantly compared to the AMD impacted sites.  

Asian clams were not used during 1996 and there was no in situ toxicity test performed to which 

these results can be compared.   

4.3.3 Sediment Toxicity Testing 

 Sediment toxicity tests were run with two test species, D. magna and C. tentans, in 1996 

but only with D. magna in 2004.  These tests show that the sediments were less toxic in 2004 in 

the upper section of Black Creek but more toxic in the lower (Table 17).  LBC-1 had higher 

mortality than the upstream reference but lower than UBC-5.  The wetland sediments (UBC-5, 

LBC-1) had 20-40% more toxicity than sediments upstream of any major AMD activity.  This 

was an indication that the wetlands were working as planned, trapping flocculated metals and 

preventing their further movement downstream.  Decreased sediment Fe loading at LBC-5 

(Table 16) also supports this conclusion.   

Part of the work presented in Cherry et al. (1997) was a sediment purging study where 

toxic site sediments were continuously rinsed with clean water for two months.  Depurated 

sediments were still significantly toxic after two months and had high metal content; however, 

toxicity did decrease with time.  This trend being the case, the expected eventual detoxification 

of the sediments downstream of the wetland system would likely have occurred within the three 

years since the wetlands were constructed.  This was not the case, however, as sediment from 

LBC-5 was still significantly toxic (Table 17).  Sediments discharged by the mining operation, in 

accord with permitted limits, may account for increased sediment toxicity at LBC-5.  Under 
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federal regulations governing point-source discharges by coal mining operations, settleable 

solids in mine effluent cannot be greater than 0.5 ml/l, but these limits do not apply during any 

10-year, 24-hour precipitation event. It is possible that sediments disturbed by the mining 

operation are being transported into the stream in association with discharge waters and, because 

these sediments have not yet equilibrated with the environment, they are exerting a toxic effect to 

the test organisms. 

4.3.4 Acute Water Column Testing 

Water column samples were tested for acute toxicity using C. dubia in 2004 and D. 

magna in 1996.  Acute toxicity testing of water column samples from Black Creek had similar 

patterns of toxicity between 1996 and 2004 (Table 17).  Seep UD-2a was toxic to all test 

organisms of both species in both years.  UD-5 was not tested in 1996 but examination of the 

water chemistry data indicates that it would have likely been acutely toxic as well.  UD-5 water 

caused 100% mortality in 2004; evidence, along with the other water quality data, in situ testing 

and sediment toxicity data, that this site continues to be the major source of AMD pollution into 

upper Black Creek.  The water column in the lower sections of Black Creek was similarly non-

toxic during acute testing during both test periods.   

4.3.5 Benthic Macroinvertebrates 

Four invertebrate samples were taken at Black Creek between 1995 and 1996 and one 

sampling was done in 2004.  Macroinvertebrate data are presented as mean values of the 1995-

1996 data and total values from 2004.  Taxa richness values were similar between 1996 and 

2004; however, the percent Ephemeroptera abundance scores were lower in 2004 (Table 18).  At 

the upstream reference site UBC-1, in 1996 Ephemeropterans accounted for 39.54% of the total 

abundance and decreased to 0.93% in 2004.  The reason for the decrease of that sensitive taxon 
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at the reference site was unknown and influenced the ETR scores downward accordingly.  Sites 

UD-2a and UD-5 were not sampled for invertebrates due to metal precipitation, which eliminated 

habitat and UD-7 was not sampled in 2004 due to low flow conditions.  Sites UBC-5 and LBC-1 

were not sampled in 2004 due to beaver damming activities which modified UBC-5 into a 

wetland and because LBC-1 was a constructed wetland. Site UBC-3, while lotic in nature, was 

extremely clogged with sediments (1/3 to 1 m deep in places), eliminating most of the habitat, 

which influenced the low richness values for that site.  Benthic macroinvertebrate richness values 

were decreased by half from the upstream reference to the lowest point in Black Creek, showing 

the negative effects of mining perturbations as well as possible recovery since it had values than 

UBC-4. 

For sites UD-2a and UD-5, examination of other ecotoxicological parameters, i.e. low 

pH, high Al concentrations and 100% mortality of Asian clams lead us to believe that this habitat 

is unsuitable for any indigenous benthic macroinvertebrates, especially the sensitive taxon 

Ephemeroptera.  AMD perturbations are known to eliminate benthic macroinvertebrates (Soucek 

et al., 2000, Courtney & Clements, 1998).  Independent benthic macroinvertebrate sampling of 

Black Creek, in 2001 and 2003, by environmental consulting companies, compared downstream 

(near UBC-4, in lower section of Black Creek and LBC-5) sampling sites to the upstream 

reference site, and they indicated a similar pattern of increased impairment of the invertebrate 

communities with proximity to mining/AMD perturbation (DMME, 2003, Lynde, 2001).  Since 

reclamation and mining activities were still underway at Black Creek during this study, 

macroinvertebrate communities were likely stressed and still needed time to re-colonize, 

therefore the 2004 values were probably not as high as they would be after sufficient recovery 

time had elapsed. 
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4.3.6 Ecotoxicological Rating 

   The ETR is an integrative biological and chemical assessment utilizing several 

parameters and the final score is a coalescing of factors to derive an overall score that is 

comparable across time.  Although the parameters used to derive the ETR scores for both years 

vary slightly, they can be compared for seven of the nine sites that were sampled during both 

periods.   

Missing parameter scores from 1996 for D. magna water column acute toxicity tests were 

filled by comparing the pH values among different sites and assigning similar scores.  Scores for 

both D. magna and C. tentans sediment toxicity data were given by comparing site 

characteristics and assigning similar scores to similar sites.  Two rapid bioassessment protocol 

(Barbour et al. 1999) scores had to be added due to missing data points, and were based upon 

examination of color photographs.  Data for the levels of Al in the water column for the two 

downstream sites (LBC-1 & LBC-5) were not available but since all other sites had Al levels that 

exceeded the US EPA CCC level of 0.087 mg L-1 it was assumed that those sites would as well.  

Benthic macroinvertebrate richness scores given to UD-2a, UD-5, UBC-5, UD-7 and LBC-1, in 

2004, were based on water quality and results from the other toxicity tests.  Clams were not 

recovered from UD-7 but because the water chemistry values for UD-7 were similar to LBC-1, 

survivorship for UD-7 would have probably been similar. 

The upstream reference site, UBC-1, would have had similar ETRs during both years had 

there been appreciable numbers of Ephemeropterans in 2004, and the lack of that taxa lowered 

the 2004 ETR.  This factor may have also lowered ETR scores for the other sites.  The major 

AMD seep at UD-5 was the worst site during both sampling periods with ETR scores of 15.5 and 

25.75 in 1997 and 2004, respectively.  The UBC-4 ETR increased the most but continuing AMD 

from UD-2a will likely prevent any biologically relevant improvements at that site.  LBC-1 was 
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the most stable site with ETRs fluctuating only four points (Table 19).  Stability at this site was 

likely due to the installation of settling ponds and the wetlands. 

According to the �river continuum concept� presented by Vannote et al. (1980), the 

conclusion that LBC-5 would improve due to the installation of the wetlands at LBC-1 could be 

drawn.  Although LBC-5 had the second highest ETR in 2004, exceeded only by the reference 

site, increased sediment toxicity and decreased macroinvertebrate taxa richness indicated that 

active coal-mining stressors may be inhibiting recovery at LBC-5 and further recovery will likely 

only occur after those have ceased. 

4.4 Conclusions 

The wetland systems separating the lower and upper sections of Black Creek were able to 

assimilate and detoxify AMD inputs, evidenced by higher water quality and improved testing 

organism survivorship at LBC-1.  Since mining operations were still continuing within Black 

Creek, there has been some difficulty in discriminating between the effects of AMD, current 

mining related operations as well as ecosystem recovery.  There were nine permitted active coal-

mining discharges into the lower section of the watershed (MapTech Inc., 2002) to which we did 

not have access in 2004.  Access to those may have provided a clearer picture as to the direct 

effects of the active mining.  Active coal mining operations can have negative effects on aquatic 

ecosystems, generally from sedimentation and AMD (Bonta & Dick, 2003, Fernandez-Alaez et 

al., 2002, Merricks et al., 2002).  Results from this study indicate that historical AMD has had a 

more negative effect on Black Creek than active mining operations that were ongoing while this 

study took place.  Simon (2005) found that the recovery of a remediated AMD watershed in 

Southwestern Virginia was still taking place approximately one year after reclamation was 

finished indicating subsequent studies in Black Creek should allow for adequate recovery time 

before determining how well the watershed has been reclaimed.   
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Figure 9. Diagram of the Black Creek watershed.  Modified from Cherry et al. (1997). 
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Table 14. Ecotoxicological Rating (ETR) procedure for Black Creek (Wise Co. Virginia). 
 

Parameter and score multiplier   ETR procedure and values/concentrations  
        Lowest score (1) Highest score (10) Value
Taxon Richness (x 1.25)  0 >21.26 12.5 
% Ephemeroptera abundance (x1.25) 0 39.54 12.5 
Mean pH (x1.25)   3.12 7.68 12.5 
Mean Rapid Bioassessment Protocol (x1.0) a  18.4 100 10 
%Clam survival (x1.0) b  0 100 10 
%Daphnia magna a/Ceriodaphnia dubia b acute survival (x1.0) 0 100 10 
Mean conductivity (x1.0)  >1713 <375 10 
%Daphnia magna chronic survival (x1.0)  0 >90 10 
%Chironomus tentans chronic survival (x0.75) a  0 90 7.5 
Clam growth (x0.75) b   0.0011 1.73 7.5 
Iron/sediment (x0.75)   18,392 1124 7.5 
Aluminum/water (x0.75)  >0.087 <0.087 7.5 
       
Total             100 

a Used to develop 1996 ETR only. 
b Used to develop 2004 ETR only. 
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Table 15.  Comparison of Black Creek water quality parameters and aluminum (Al) 
concentration from 1996 and 2004. 
 

     Conductivity  Al in Water Column 
Site pH      (µmhos cm-1) (mg L-1) 
Year 1996 2004  1996 2004  1996 2004 

UBC-1 7.03±0.32 7.18±0.49 422±122 252±58 0.486 b 0.037 
UD-1 7.19±0.52 � 842±31 � 0.730 b � 
UBC-3 6.76±0.20 7.07±0.27 755±219 910±112 2.120 b 0.063 
UD-2a 3.97±0.45 4.37±0.28 1580±224 1671±606 11.200 b 1.874 b 

UBC-4 5.55±0.60 6.85±0.47 1003±314 975±165 6.540 b 0.338 b 

UD-5 3.15±0.29 4.79±0.18 a 1929±150 2526±773 31.700 b 12.440 b 

UD-6 7.06±0.51 � 848±14 � 0.940 b � 
UBC-5 6.43±0.43 7.39±0.42 631±23 1149±247 � 0.346 b 

UD-7 4.22±1.29 7.37±0.69 a 1625±451 1157±204 14.700 b 0.035 
LBC-1 7.30±0.29 7.44±0.27 1139±279 1152±251 � 0.097 b 

LBC-5 7.75±0.26 7.56±0.05  868±88 610±510  � 0.120 b 

      a Significant differences from 1997 for pH and conductivity using Student�s t-test, α=0.05. 
      b Aluminum values above the US EPA Criterion Continuous Concentration (0.087 mg L-1). 

� Data not available. 
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Table 16.  Comparison of Black Creek Asian clam in situ growth and survivorship in 2004 and 
iron (Fe) content in the sediment from 1996 and 2004. 

 
 Asian Clam Asian Clam   

 Survivorship Growth  Fe in Sediment 
Site  (%) a (mm) a (mg kg-1) 
Year  2004  2004  1996 2004 

UBC-1 96 ab 0.001 c  120 638 
UD-1 � �  39000 � 
UBC-3 80 ab 0.25 bc  22832 2410 
UD-2a 0 c 0 c  20064 17030 
UBC-4 100 a 0.48 bc  14900 1501 
UD-5 0 c 0 c  19600 14660 
UD-6 � �  77600 � 
UBC-5 92 ab 0.08 c  12100 3079 
UD-7 � �  15300 29330 
LBC-1 72 b 1.73 a  9000 3328 
LBC-5 100 a 0.59 b  20000 2134 
a Significant differences are separated by different letters, 
Student's t-test, α=0.05.    
� Data not available    
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Table 17.  Comparison of results from chronic sediment toxicity tests using Daphnia magna and 
Chironomus tentans and water column acute toxicity testing using D. magna and Ceriodaphnia 
dubia from 1996 and 2004. 
 

Species Daphnia magna   Chironomus tentans Daphnia magna Ceriodaphnia dubia
     (% Survival)  (% Survival) (% Survival) (% Survival) 

Site Sediment Chronic Testing Water Column Acute Testing 
Year 1996 2004 a   1996 2004 1996 2004 a 

UBC-1 75 95 a  90 � 100 95 ab 
UD-1 � �  � � � � 
UBC-3 64 100 a  55 � 100 85 b 
UD-2a 82 �  50 � 0 0 c 
UBC-4 71 100 a  45 � 100 90 ab 
UD-5 0 60 b  0 � � 0 c 
UD-6 68 �  20 � � � 
UBC-5 � 55 b  � � � 90 ab 
UD-7 � �  � � � 100 a 
LBC-1 79 75 ab  50 � 100 100 a 
LBC-5 90 60 b   50 � 100 100 a 
a Significant differences are separated by different letters, Student's t-test, α=0.05.  
� Data not available      
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Table 18.  Comparison of benthic macroinvertebrate data, as taxa richness and percent 
Ephemeroptera abundance, from 1996 and 2004 and Rapid Bioassessment Protocol (RBP) scores 
from 1996. 
 

Site Taxon Richness  % Ephemeroptera RBP 
Year 1996 2004 1996 2004 1996 

UBC-1 19.6 32 39.5 0.93 100 
UD-1 12.3 � 5.1 � 18.4 
UBC-3 11 6 3.8 0 21.5 
UD-2a 2.7 � 0 � 36.8 
UBC-4 7.6 14 1.6 0 26.3 
UD-5 0 � 0 � � 
UD-6 0 � 0 � 21.5 
UBC-5 � � � � � 
UD-7 6 � � � � 
LBC-1 21.3 � 32.5 � 34.2 
LBC-5 21 16 17.4 0.65 � 
� Data not available    
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Table 19.  Comparison of ETR scores for Black Creek sampling sites from 1996 and 2004. 
 

Site ETR Score Change in ETR
Year 1996 2004  

UBC-1 a 87.5 76.75 -10.75 
UD-1 b 56.75 � � 
UBC-3 a 53 61.25 8.25 
UD-2a a 33 23.5 -9.5 
UBC-4 a 48 60.75 12.75 
UD-5 a 15.5 25.75 10.25 
UD-6 b 40.25 � � 
UBC-5 c � 53 � 
UD-7 c � 62.25 � 
LBC-1 a 68.75 64.75 -4 
LBC-5 a 72.25 66.25 -6 

 
a Sites for which there are ETRs developed for both years 
b Sites for which there is an ETR developed for 1996 only 
c Sites for which there is an ETR developed for 2004 only 
� ETR or change in ETR not available 
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