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The Influence of Elevated Arsenic Concentrations from an Abandoned Mine on Stream 

Biota and Leaf Breakdown in a Headwater Stream.   Jake L. Chaffin 

Abstract 

.  A headwater stream adjacent to an 85 year-old abandoned arsenic mine was 

investigated to determine the influence of arsenic on stream biota and processes using an 

upstream (reference) and downstream (mine-influenced) comparative approach.  Arsenic 

concentration was measured monthly at 10 sites along the stream length.  Benthic 

macroinvertebrate surveys were conducted in both reaches.  Leaf breakdown assays were 

conducted in reference and mine-influenced reaches.  Leaf biofilm respiration was 

recorded during leaf breakdown assays and also with experimental arsenic additions to 

reference reach leaf biofilms.  At the field site, arsenic concentrations varied from below 

detection limit (<2.5µg/L) to more than 12 mg/L. Macroinvertebrate density was greatly 

reduced down-gradient of the mine with 154 individuals/m2, while upstream there were 

7869 individuals/m2.  Leaf biofilm respiration rates were comparable to others found in 

the literature and not significantly different between reference and mine-influenced 

reaches.  Further, experimental additions of arsenic did not alter biofilm respiration under 

laboratory conditions.  However, shredder abundance on leaf packs was eight to twenty 

times greater upstream than the mine-influenced reach.  Leaf breakdown rate varied two 

to three fold among sites distributed above and below the mine and were significantly 

lower in reaches of elevated arsenic concentration.  Together, these data suggest that the 

mining operations on this headwater stream have altered organic matter processing 

primarily by decreasing invertebrate densities and limiting shredder abundance.    
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Abstract 

     Arsenic participates in a wide variety of geochemical and physical reactions, but 

compared with other toxic elements, little toxicological work has been conducted on 

arsenic.  Federal guidelines have not clearly established or defined toxicity and 

carcinogenicity levels.  However, it is known that arsenic does have toxic effects on 

humans and other organisms.  This element has a long history of both practical and 

bizarre uses.  Brinton mine in Floyd County, Virginia, was operated in the early 1900’s 

for arsenic to be used as a pesticide.  Although the mine has been closed for over 80 

years, a small headwater stream flowing adjacent to the former mine site has arsenic 

concentrations that are potentially toxic to aquatic communities.   
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Arsenic Summary 

 

Elemental arsenic 

Arsenic (As) is classified as a metalloid, meaning it has both metallic and 

nonmetallic properties.  It is situated in the Periodic Table in Group 15 below nitrogen 

and phosphorous.  Elemental arsenic is a silver-gray crystalline metallic material that 

melts at 817° C, sublimates at 613° C, and has a density of 5.72 g cm-3 (Eisler 1994).  

Arsenic commonly forms complexes with other metals and is readily able to form 

covalent bonds with carbon, hydrogen, and oxygen (Gorby 1994).  In natural waters, 

arsenic is mostly found in inorganic form as oxyanions of trivalent arsenite (As+3), which 

is the most toxic form to humans and other vertebrates, and as pentavalent arsenate 

(As+5), the most toxic form to algae (Knauer et al. 1999).  Oxyanions of many metals 

(e.g., As, Cr, U, Se) tend to become less strongly sorbed to mineral surfaces as pH 

increases and are common trace contaminants in groundwater.  Compared to other 

oxyanions, those forming with arsenic are one of the most problematic in the 

environment due to their mobility across a wide range of redox conditions (Smedley and 

Kinniburgh 2002).  In areas of high oxidation-reduction potential such as oxygenated 

water, arsenate persists while in places such as anaerobic soils (with low oxidation-

reduction potential) arsenite dominates.  Arsenic in water exists primarily as dissolved 

oxidized species (As+5) and arsenite is rare occurring only in areas of low oxidation-

reduction potential (Eisler 1994).    

Arsenic has a natural affinity for sulfur as evident by many natural arsenic 

containing minerals such as As2S3 (orpiment), AsS (realgar), and FeAsS (arsenopyrite).  
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Arsenate and phosphate are similar and may substitute for one another.  For example, 

stereochemical properties of arsenate result in arsenate incorporation instead of phosphate 

and the uncoupling of oxidative metabolism from ATP biosynthesis (National Research 

Council 1999).  This may account for some toxicity effects of arsenic.  Gorby (1994) 

noted that toxicity depends on physical state (gas, solution, or powder-particle size), rate 

of absorption into cells, rate of elimination, presence of impurities, and the nature of 

chemical substituents in the toxic compound. 

Arsenic is found naturally in trace amounts in the Earth’s soils, waters, and 

organisms (Smedley and Kinniburgh 2002).  There is a large range of arsenic 

concentrations found in natural waters, from less than 0.5 to more than 5000 µg/L 

(Smedley and Kinniburgh 2002).  This has become a major concern in areas such as 

India, Bangladesh, Argentina, and Mexico where high arsenic concentrations in natural 

aquifers are influencing drinking water and millions of people are exposed to toxic water 

resources (National Research Council 1999, Smedley and Kinniburgh 2002). Other areas 

of naturally occurring high arsenic concentrations are found near geothermal springs such 

as those surrounding the Greater Yellowstone Ecosystem of Wyoming and Montana, 

USA (Thompson 1979).  Nimick et al. (1998) found that arsenic discharge from a 

geothermal system (900 to 3560 µg/L) into the Madison River near West Yellowstone 

generated base flow concentrations of 250 to 370 µg/L.  For the most part, the arsenic 

(mostly in the form of arsenate) was transported conservatively at least 310 km to 

Canyon Ferry Lake.   

Although arsenic does occur naturally throughout the world, mining and industrial 

uses of arsenic have substantially increased arsenic availability to humans and other 
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organisms of the earth’s surface.  This recent (since the industrial revolution) 

anthropogenic loading of arsenic has created concern for human exposure through 

consumption of contaminated water and for aquatic biota subjected to increased 

concentrations (Azcue and Nriagu 1994, National Research Council 1999, Smedley and 

Kinniburgh 2002). 

EPA Guidelines and Standards 

The United States Environmental Protection Agency (EPA) (2000) provided the 

following history of arsenic drinking water standards regulated by the U.S Public Health 

Service and EPA.  In 1942 the U.S. Public Health Service first established an arsenic 

drinking water standard of 50 µg/L.  Twenty years later the drinking water standard was 

lowered to 10 µg/L.  These early standards were probably not thoroughly enforced or 

even measurable in most cases.  On 24 December 1975 (following the Safe Drinking 

Water Act of 1974) the EPA issued a National Interim Primary Drinking Water 

Regulation for arsenic again at 50 µg/L.  For the past 25 years, there has been scientific 

controversy and debate over arsenic’s true potential as a carcinogen, the legitimacy of 

previous studies, and the standards necessary to protect humans from arsenic 

contamination (National Research Council 1999).  The EPA recently (31 October 2001) 

lowered the maximum acceptable level in drinking water from 50 to 10 µg/L, to be fully 

enforced by 2006.  The EPA (2002) arsenic maximum contaminant level (MCL) is 10 

µg/L also stating uncertainty as to the carcinogenic effects at this concentration.  The 

maximum contaminant level goal (MCLG) is a non-enforceable health goal set at a level 

at which no known or anticipated adverse effects on the health of persons occurs and 
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which allows an adequate margin of safety. The MCLG for arsenic is currently set at zero 

(EPA 2002).   

Water quality guidelines for freshwater biota have received less political and 

scientific debate and attention.  EPA (2002) water quality criteria for arsenic criteria 

maximum concentration (CMC) is 340 µg/L, while the criteria continuous concentration 

(CCC) is 150 µg/L.  The EPA defines the CMC as the concentration of toxic pollutant to 

which an aquatic community may be exposed briefly and still survive.  The CCC is the 

concentration at which chronic exposure will cause mortality and/or reduced fecundity.  

This means aquatic biota dosed with point source short-term arsenic levels of 340 µg/L 

will not survive.  Further, aquatic biota chronically exposed to arsenic levels of 150 µg/L 

will not survive and/or experience reduced fecundity.  Canadian water guidelines for the 

protection of aquatic life list acceptable levels at 5 µg/L (Canadian Council of Ministers 

of the Environment 2001).  There are many natural (Smedley and Kinninburgh 2002, 

Koch et al. 1999, Nimick et al. 1998) and anthropogenically disturbed (LeBlanc et al. 

1996, Nagorski and Moore 1999, Smedley and Kinninburgh 2002) areas where arsenic 

concentrations are higher than both EPA and Canadian guidelines.  

Human uses for arsenic 

Throughout history arsenic has been used in a variety of interesting ways (Azcue 

and Nriagu 1994).  The history of arsenic use includes many stories of homicide and 

suicide from the Middle Ages.  There is evidence of active research by Scheele in 1775 to 

find a method to counteract arsenic as a homicide agent (National Research Council 

1999).  Thomas Fowler, a British physician, created Liquor Arsenicalis to treat a plethora 

of health conditions accepted into London Pharmacopoeia in 1809 and the U.S. 
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Pharmacopoeia in 1820 (National Research Council 1999).  Similar forms of this solution 

were common until the 1960s.  Over 8000 arsenic based compounds were used to treat 

asthma, malaria, tuberculosis, diabetes, and skin diseases, and some arsenic based 

compounds were used until the mid 1980s for treating narcolepsy (sleeping sickness) 

(National Research Council 1999).  In Syria and Tyrol, healthy people ingested orpiment 

(As2S3) as a luxury food to increase their health and virility (Azcue and Nriagu 1994).  

There are also rumors of current arsenic use to lighten skin complexion.   

Arsenic has a wide variety of industrial, agricultural, and domestic uses.  Othmer 

(1999) reported that the agricultural industry uses arsenic in the forms of monosodium 

methyl arsenate (MSMA), disodium methyl arsenate (DSMA), cacodylic acid 

(dimethylarsenic acid), and arsenic acid for pesticides and herbicides.  Various arsenic 

compounds are used for the control of Johnson and nut sedge grass and weeds in cotton 

fields.  In addition, calcium arsenate was used until1960 to combat boll weevil and cotton 

leaf worms.  Arsenic as chromated copper arsenate is used as a wood preservative 

(usually visible as the green tinge on treated lumber products).  Gallium arsenide has 

been used as a replacement of silicon as a material in computer chips (Othmer 1999).   

The source of these arsenic compounds is natural geologic formations, which 

must be mined and the ore processed to yield useful products.  Arsenic is now frequently 

liberated as a by-product from activities such as copper or gold mining.  As a 

consequence of these many activities, arsenic has contaminated surface water and ground 

water in many parts of the world (Azcue and Nriagu 1994, Bhumbla and Keefer 1994, 

Smedley and Kinniburgh 2002). 
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Arsenic Toxicity 

There has been increasing concern throughout the world for those living in areas 

with natural arsenic contamination, especially where drinking water contains high arsenic 

concentrations.  Elevated arsenic concentrations are also problematic for biota and 

processes in aquatic systems.  Arsenic is an odorless and tasteless element that is a 

carcinogen to most organisms including humans, and is known to damage the nervous 

system and cause lung, skin, and intestinal cancers (Bowen 1966, Eisler 1994).  Arsenic 

exposure also interferes with the actions of enzymes, essential cations, and transcriptional 

events in cells throughout the body (National Research Council 1999).  Exposure to 

arsenic may occur through inhalation, ingestion, and skin contact.  It accumulates in the 

body and is slowly lost through production of hair and nails in which it resides (Bowen 

1966).  This is a substantial concern because anthropogenic input of arsenic during the 

past century has been estimated as high as 28,000 metric tons per year, nearly four times 

the 7800 tons emitted globally each year from natural sources (Nriagu and Pacyna 1988).  

As with many pollutants, arsenic in runoff ends up in aquatic systems, either in 

groundwater or surface water or a combination of both.   

Toxic effects of arsenic on aquatic life are significantly modified by numerous 

biotic and abiotic factors (Michnowicz and Weaks 1984, Sanders 1986).  Arsenic is a 

reactive element that can take on many different forms and be modified by water 

temperature, pH, organic content, suspended solids, presence of other substances and 

toxicants, and duration of exposure to other chemicals and substrates (Kuwabara et al. 

1990, Wangberg et al. 1991, Nimick et al. 1998, Nagorski and Moore 1999).  Adverse 

effects of arsenic on aquatic organisms have been reported at various concentrations 
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(Eisler 1994).  A wide range of concentrations and different arsenic species may affect 

different aquatic organisms in various ways.  For example Eisler (1994) found that at 75 

µg As+5/L growth and biomass in freshwater and marine algae were reduced; at 85 to 88 

µg As+5/L mortality was 10 to 32% in amphipods (Gammarus pseudolimnaeus) in 28 

days; at 100 µg As+5/L marine copepods died.  Rainbow trout (Onocoryhynchus mykiss) 

exposed to diets containing >120 mg As+3 or As+5/kg grew poorly, avoided food, and 

failed to metabolize food efficiently.   

Very little toxicological work has addressed the influence of arsenic on aquatic 

invertebrates, with the exception of a few studies such as those by Canivet et al. (2001).  

Using two hypogean and four epigean species in 240-h LC50 (lethal concentration at 

which 50% of the population cannot survive) tests, Canivet et al. (2001) found 

sensitivities ranging from 0.2 to 3.97 mg/L.  Jeyasingham and Ling (2000) found acute 

toxicity of three Chironumus species in New Zealand, with wide-ranging sensitivities, 

and they reported As+3 more toxic than As+5 to all species investigated.  How arsenic 

specifically impairs stream biota is not well understood.  Lotic invertebrate larvae occupy 

nearly all consumer levels of aquatic food webs and have a wide variety of feeding 

habits, rapid metabolism, and variable life cycles.  Accordingly, they have the potential to 

reflect with great accuracy the spatial and temporal aspect of the fate and effects of 

various chemicals (Vuori and Kukkonen 1996).   
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Brinton Mine 

 
Location and history 
 

Brinton mine is located in Floyd County (Pilot quadrangle), Virginia, off route 

790 (Lick Ridge Road) approximately 1.5 km north of Terry’s Fork.  The mine is located 

within a physiographic region referred to as the Blue Ridge Province, composed of folded 

strata of sandstone, shale, limestone, and the various valleys reflect the chemical 

erosiveness of the rock (Hunt 1974).  The watershed is heavily forested with deciduous 

trees, including white oak (Quercus alba), chestnut oak (Quercus prinus), and red maple 

(Acer rubrum), as well as the conifer eastern white pine (Pinus strobus).   A stream 

originates ca. 350 m upstream of the Brinton mine and joins Purgatory Creek about 1 km 

downstream which then empties into the South Fork of the Roanoke River.  A study 

(chapter 2) reach established on the stream extended 315 m total (Figure 1) before hitting 

a private property line that was un-passable due to landowner conflicts.  Within the study 

reach, the upstream segment of the stream flows for 180 m before passing the mining site 

and the stream continues for 135 m adjacent to and down gradient from the mine. 

  Arsenic deposits were discovered by C.R. Brinton in 1901 (Hess 1911 as cited by 

Milici 1980).  Dietrich (1959) reported that arsenic was produced intermittently from 

1903 to 1919 from a series of arsenopyrite “veins” in quartz-sericite schist, which outcrop 

in places on the surface.  This deposit was first worked by United States Arsenic Mines 

Company in 1903 and later controlled by Chipman Chemical Engineering Company until 

it’s closure in 1919 (Humbert 1930).  The arsenopyrite (FeAsS) ore was roasted in a 

rotary kiln and the crude arsenic oxide collected in a series of chambers, refined with 

coke, and collected as white arsenic (As2O3) in another series of chambers (Humbert  
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Figure 1. Brinton mine creek with surface water monitoring (numbered) sites that 
were sampled from 1999 to 2002 by Madeline Schreiber and colleagues.  Site 1 is 
located 15 m up-gradient from conical waste piles represented as circles.  Sites 4, 
5, and 6 (not shown) were wells not included in this stream water assessment.  
Site 8 was a backwater-pond adjacent to the stream.   Asterisk on Virginia map 
represents location of study site. 
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1930).  There were up to 150 men employed at the site and it is estimated total production 

was 75-100 English tons shipped from the mine during the operation.  Financial problems 

shut down the mine after World War I and equipment was dismantled and removed in 

1919 and 1920.  All that remains today are a few scattered foundations, depressions from 

the ground slumping into the mine, large waste piles next to the stream, some scattered 

refuse, a large vertical air-shaft (66 m deep), and a severely altered headwater catchment.  

Research at the Brinton Mine site 

The mine has remained inactive since 1919.  In May 1976 Sue Ellen Butler 

Rococvich completed a doctoral dissertation at this site (Rocovich, 1976) investigating 

whether plants on the Brinton Mine grounds belong to inherently tolerant species or 

whether resident plants have evolved tolerance to arsenic.  Rocovich and West (1975) 

suggested Andropogon scoparius was able to tolerate soils contaminated with arsenic as a 

result of genetic change through selection.  They also reported the degree of arsenic 

tolerance of all plant species on the mine was related to the amount of arsenic in the soil. 

From 1999-2002 Schreiber (unpublished data, Virginia Tech, Department of Geological 

Sciences) monitored arsenic concentrations at three sites in the stream and three 

groundwater seeps that enter the stream (Figure 1).  She found in-stream concentrations, 

increasing next to and downstream of the mine, ranging from below detection limit (i.e., 

< 25 µg/L) to 350 µg/L (Table 1).  Concentrations in two springs and a backwater pool 

were greatly elevated (nearly reaching 10 mg/L) and all concentrations were above EPA 

guidelines for protection of aquatic life.   
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Table 1.  Total arsenic and percent As (III) from quarterly monitoring efforts from15 
December 1999 to 10 March 2002 (Schreiber, M., unpublished data).  Data are minimum 
and maximum concentrations observed over the monitoring period.    
 

Location Total arsenic (µg/L) % As III 
site 1 <25-113 0-49 
site 2 <21-50 0-100 
site 3 80-350 0-15 
site 7 (mine spring) 212-836 3-60 
site 8 (backwater) 354-3832 0-7 
site 9 (seep) 7190-9340 0-6 
 

 

 

 

 

 

 

 

 

 

 

 

 



 14 
 

As a result of this preliminary research, principal investigators Madeline 

Schreiber (Department of Geological Sciences) and H. Maurice Valett (Department of 

Biology) were funded by the National Science Foundation to conduct an intensive study 

at Brinton mine that focused on four main research components: 

I. Spatial and temporal variations of arsenic discharge to the stream. 

II. Reach and stream scale arsenic storage and transformation. 

III. Role of solid phases in controlling arsenic mobility. 

IV. Effect of arsenic on biological processes. 

The study presented in this thesis focuses on research element four and addresses the 

effects of variable arsenic concentration on stream community structure and lotic 

ecosystem function.  The study area allows for a unique investigation of arsenic mine 

influences on a small headwater stream.  Comparisons between an intact upstream 

reference reach and the contaminated segment adjacent to and down-gradient from the 

mine allowed me to explore the influence of arsenic loading on the ecology of a 

headwater stream.  
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Chapter II: 

The Influence of Elevated Arsenic Concentrations from an Abandoned Mine on 

Stream Biota and Leaf Breakdown in a Headwater Stream  
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Abstract 

Arsenic is a naturally occurring element, which is toxic to aquatic biota especially 

in disturbed areas where it may be found at high concentrations.  A headwater stream 

adjacent to an 85 year-old abandoned arsenic mine was investigated to determine the 

influence of arsenic on stream biota and processes using an upstream (reference) and 

downstream (mine-influenced) comparative approach.  Arsenic concentration was 

measured monthly at 10 sites along the stream length.  Benthic macroinvertebrate surveys 

were conducted in both reaches five times throughout the course of a year.  Leaf 

breakdown assays were conducted in reference and mine-influenced reaches.  Leaf 

biofilm respiration was recorded during leaf breakdown assays and also with 

experimental arsenic additions to reference reach leaf biofilms.  At the field site, arsenic 

concentrations varied from below detection limit (<2.5µg/L) to more than 12 mg/L. 

Macroinvertebrate density was greatly reduced down-gradient of the mine with 154 

individuals/m2, while upstream there were 7869 individuals/m2.  Leaf biofilm respiration 

rates were comparable to others found in the literature and not significantly different 

between reference and mine-influenced reaches.  Further, experimental additions of 

arsenic did not alter biofilm respiration under laboratory conditions.  However, shredder 

abundance on leaf packs was eight to twenty times greater upstream than the mine-

influenced reach.  Leaf breakdown rate varied two to three fold among sites distributed 

above and below the mine and were significantly lower in reaches of elevated arsenic 

concentration.  Together, these data suggest that the mining operations on this headwater 

stream have altered organic matter processing primarily by decreasing invertebrate 

densities and limiting shredder abundance.   



 20 
 

Introduction 

Arsenic is a natural element found in trace amounts in the Earth’s soils, waters, 

and organisms (Smedley and Kinniburgh 2002).  It is an odorless and tasteless element 

and is a known carcinogen to most organisms including humans (Bowen 1966, Eisler 

1994).  This is a substantial concern because anthropogenic inputs of arsenic during the 

past century have been estimated to be as high as 28,000 metric tons per year, nearly four 

times the 7800 tons produced globally each year from natural sources (Nriagu and 

Pacyna 1988).  Classified as a semimetal or metalloid, arsenic commonly forms 

complexes with other metals, and readily forms covalent bonds with carbon, hydrogen, 

and oxygen (Gorby 1994).  In natural waters arsenic commonly exists in three different 

oxidation states, the metalloid (0 oxidation state), as arsenite (As+3) the most toxic form 

to humans, and as arsenate (As+5) the form most toxic to algae (Knauer et al. 1999).  

Arsenate persists in areas with high oxidation-reduction potential such as oxygenated 

water, while arsenite dominates areas with low oxidation-reduction potential as may be 

found in anaerobic soils.  Gorby (1994) also stated that toxicity depends on physical state 

(gas, solution, or powder-particle size), rate of absorption into cells, rate of elimination, 

presence of impurities, and the nature of chemical constituents in the toxic compound.   

Arsenic has been employed for various purposes throughout history including use 

as a medicine, poison, wood preservative, pesticide, insecticide, and various other 

industrial activities. Runoff from such activities has contaminated surface water and 

ground water in many parts of the world (Azcue and Nriagu 1994, Bhumbla and Keefer 

1994, Smedley and Kinniburgh 2002).  Elevated arsenic concentrations have detrimental 

effects on biota where anthropogenic activities have resulted in arsenic-laden aquatic 
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ecosystems, but the influence of arsenic on the communities and processes of lotic 

ecosystems has not been thoroughly studied.   

In aquatic systems impacted by elevated arsenic concentrations, there is increased 

mortality (Eisler et al. 1994, Jeyasingham and Ling 2000, Canivet et al. 2001) and 

reduced fecundity (J.L. Chaffin, unpublished data) among aquatic invertebrates.  

Mortality among zoobenthic species may have a substantial influence on food-web 

dynamics, energy flow, and ecosystem processes, particularly in headwater systems.  

Wallace et al. (1986) noted that zoobenthic shredders (i.e. invertebrates that shred coarse 

particulate organic matter, CPOM), play a critical role in organic matter processing.  In 

eastern North America, detritus inputs from surrounding forests generally exceed primary 

production in streams (e.g., Webster et al. 1995).  Thus, leaf litter breakdown is an 

important process in these headwater systems (Fisher and Likens 1973, Vannote et al. 

1980) that may be altered if arsenic negatively influences stream biota to which leaf litter 

breakdown is closely linked. 

The influence of different land uses and environmental conditions on leaf 

breakdown has been thoroughly studied (e.g., Reice et al. 1974, Webster and Waide 

1982, Mulholland et al. 1987, Newman et al. 1987, Sponseller and Benfield 2001, Huryn 

et al. 2002) but the influence of toxic metals on leaf breakdown has received less 

attention (Leland and Carter 1985, Schultheis et al. 1997, Schultheis and Hendricks 

1999).  Little work has addressed arsenic influence on organic matter processing and to 

my knowledge no studies have investigated arsenic effects on leaf breakdown in streams.  

However, Brunskill et al. (1980) experimentally elevated arsenic in lake microcosms to 

investigate its influence on microbial degradation of organic matter.  They found no 
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differences between control microcosms and microcosms with increasing arsenic 

concentration.  This is somewhat surprising because research in streams has demonstrated 

that elevated heavy metals such as copper decrease leaf breakdown in streams.  

Schultheis et al. (1997) identified copper as the cause of altered zoobenthic community 

structure and reduced leaf decomposition in a second-order mountain stream.  Leland and 

Carter (1985) used leaf microbial respiration as an index of leaf decomposition in the 

presence of experimentally added copper and found that the rate of microbial processing, 

and hence leaf decomposition, was reduced at all test concentrations.   

The purpose of this project was to investigate how enhanced levels of arsenic, 

resulting from an abandoned arsenopyrite mine, have altered the biota and organic matter 

processing rates in a second-order headwater mountain stream.  A combination of field 

monitoring and experimental approaches was used to assess how arsenic influenced both 

microbial and macroinvertebrate breakdown of leaf litter.  Results were used to elucidate 

pathways by which arsenic may alter ecosystem processing of organic matter. 

 



 23 
 

 Methods 

 

Study Site 

The study was conducted on a second-order, perennial headwater stream located 

in Floyd County, Southwest Virginia, USA, at the site of former Brinton mine (Figure 1).  

The mine was in operation from 1903 to 1919 during which time arsenopyrite (FeAsS) 

was converted to “white arsenic” (As2O3) on site before being shipped to various 

pesticide manufacturers.  Besides scattered foundations, all that remains of the mine are 

the large waste piles located next to the stream.  The watershed is located in the Blue 

Ridge Province where parent lithology includes metamorphic rocks such as schist (Hunt 

1974).  The catchment is now heavily forested with deciduous trees, including white oak 

(Quercus alba), chestnut oak (Quercus prinus), and red maple (Acer rubrum), as well as 

the conifer eastern white pine (Pinus strobus).   The stream discharges into Purgatory 

Creek about 1 km downstream of the mine and eventually empties into the South Fork of 

the Roanoke River.  

A study reach of 315 m (Figure 1) was established adjacent to the mine with 180 

m (i.e. reference) occurring upstream where no mine activities were evident.  The study 

reach extended an additional 135 m adjacent to and down gradient from the mine where 

the influence of the mine was apparent in the form of waste piles, increased 

sedimentation to the stream, and elevated in-stream arsenic concentrations. 
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Figure 1. Schematic representation of the Brinton Mine Creek, Floyd County, 
VA, study site.  Water sampling sites (numbered) were distributed between 
upstream and downstream reaches. Site 4 is approximately 15 m up-gradient of  
waste piles represented as circles.  Site 9 is a groundwater-fed spring.  LB1 
through 4 are leaf breakdown sites.  A flume was located 10 m down-gradient of 
site 2 and a rain gauge was located among waste piles.  Asterisk on map denotes 
study site location. 
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Physical and chemical characterizations 

 Water samples were collected monthly from October 2002 through March 2003 at 

ten sites along the stream (Figure 1).  Sites 1-3 were 100 m upstream of the tailing piles 

and used to represent unimpaired conditions.  Sites 4-10 were located adjacent to and 

down-gradient of the mine and were used to represent degraded conditions.  Site 9 was a 

groundwater fed spring that empties into the stream at 285 m.  On each occasion, 

triplicate water samples were collected, filtered in the field (Whatman GFF), and 

preserved with nitric acid. Samples were analyzed for total arsenic using a Perkin Elmer 

Graphite Furnace Atomic Absorption Spectrophotometer (GFAAS), following EPA 

methods (1992).  From October 2002 through March 2003, one additional filtered water 

sample was collected at each of the ten sites, preserved with EDTA, elutriated through an 

anion exchange cartridge (Fisherbrand; SPE-SAX, 3 mL ), and analyzed within 24 hours 

for reduced (arsenite) and oxidized (arsenate) arsenic species following Garbarino et al. 

(2001). 

Additional water samples (n=3/site) were collected over the same time period, 

filtered, and frozen for later analysis.  Dissolved organic carbon (DOC) was analyzed by 

wet persulphate digestion using an Oceanography International 700 Total Carbon 

Analyzer (College Station, TX, U.S.A., Menzel and Vaccaro 1964).  Phosphate was 

shown to be below detection limit (<10 µg/L) using ion chromatography in samples 

collected in early phases of site monitoring and was not analyzed for the remainder of the 

study.  Anions, including sulfate and nitrate were analyzed by ion chromatography with a 

Dionex DX-500 (Sunnyvale, CA, U.S.A.).  Ammonium-nitrogen was analyzed on a 

Technicon Autoanalyzer (Saskatoon, SK, Canada.) following U.S. EPA Method 349.0 
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(1997).  Dissolved oxygen (DO) and conductivity were measured monthly at each site 

using a YSI DO and conductivity probes (Model 55 DO probe and Model 30 conductivity 

probe, YSI Inc., Yellow Springs, OH, U.S.A.). 

Temperature was recorded every two hours from March 2002 through March 

2003, with temperature loggers (HOBO, Pocasset, MA, U.S.A.) placed at Site 2 and Site 

6.   A tipping bucket rain gauge with a HOBO event recorder was located in an open 

canopy area of the abandoned mine to record precipitation from July 2002 through March 

2003.  Discharge was recorded every 15 minutes with a Nomad data-logger (Intech water 

level recorder, Auckland, New Zealand) in the stilling well of a 1 ft H-flume installed 50 

m below Site 1 in July 2002.  

Benthic macroinvertebrates 

Invertebrate samples were collected in March, April,  and October 2002 and 

January and March 2003.  On each sampling date, five samples were collected in the 

reaches upstream and downstream of the onset of the mine.  Location of the first sample 

within each reach was randomly determined for each sampling date and four additional 

samples were then collected at approximately 5 m intervals down-gradient.  Initial 

sample locations were never identical among sampling dates.  Sampling was conducted 

using a stovepipe method where a sampling pipe (diameter = 14.5 cm) was pressed into 

the substrate and all coarse particulate organic matter (CPOM), including leaves, twigs, 

and other detritus, was hand collected.  Water in the pipe was collected with a hand pump 

and/or large turkey baster and filtered through a 250-µm sieve.  All material in the sieve 

was preserved in ethanol and transported to the lab.  Invertebrates were later picked, 

sorted, and identified to genus, except for Diptera which were identified to family and 
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oligochaetes identified to class.  A widely used bioassessment index (Resh and Jackson 

1993), %EPT ((Ephemeroptera + Plecoptera + Trichoptera / total abundance) * 100) was 

calculated for each sub-reach and collection date.  Richness, density, and %EPT 

abundance were compared between sub-reaches using a Mann-Whitney Rank sum test 

for each metric.   

Leaf breakdown 

Four sites (LB1-LB4, Figure 1) of varying arsenic concentration were chosen for 

leaf litter breakdown assays, which began in October 2002.  Physical-chemical 

characteristics of the four assay sites were characterized by grouping water monitoring 

sites for LB1 (sites 1-3), LB2 (sites 4-5), LB3 (sites 6-8), and LB4 (site 9).  Leaf 

breakdown assays began on 30 October 2002 using red maple (Acer rubrum) and white 

oak (Quercus alba) leaves.  Twenty-four (12 per species) 10-g leaf packs were placed at 

LB1, LB2, and LB3.  Leaf packs were secured with a six-inch gutter nail hammered into 

the substrate.  After deployment, three red maple and three white oak leaf packs were 

brought back to the lab and processed to assess handling loss.  Leaf packs (n=3 per 

species) were collected every five weeks (white oak) and three weeks (red maple). 

Smaller leaf packs (red maple meso) containing 2-g of red maple leaves were 

placed into the stream at LB1, LB2, and a spring (LB4) that enters the stream at 285 m in 

which arsenic concentrations were extremely high.  Three of the smaller packs were 

brought back to the lab to assess initial handling loss.  Three leaf packs at each site were 

retrieved on the same dates as the larger red maple leaf packs.   

Leaf packs were processed following Benfield (1996).  Briefly, in the lab leaf 

packs were rinsed of sediments and invertebrates. Invertebrates were later identified 
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following techniques similar to those used for benthic samples.  Tipulidae were identified 

to genus.  Sediments and remaining leaf material were separated and placed into a drying 

oven at 50° C for 48 hours then weighed to attain dry mass.  Leaf material was ashed 

(550°C for 1 hour) to quantify organic matter as ash-free dry mass (AFDM). 

The natural log of percent AFDM regressed against time was used to attain a 

breakdown rate (k, day-1) calculated using an exponential decay model (Petersen and 

Cummins 1974, Benfield 1996).  Data were analyzed using the SAS (Version 7, SAS 

Institute, Cary, North Carolina) General Linear Model procedure.  Breakdown rates were 

compared using sediment mass as a covariate to account for its influence and address 

how loss of AFDM varied among sites.  Data were analyzed using a 2-way ANOVA 

design with site (three levels) and time (four levels) as main factors and sediment weight 

as a covariate.  Comparisons of slope (AFDM vs time) were made to determine 

differences in breakdown rate among sites.   

Leaf biofilm respiration: effects of field exposure 

Leaf biofilm respiration (as oxygen uptake) was measured on red maple and white 

oak leaf disks obtained from leaf packs used in the breakdown study with a Gilson 

differential respirometer following Tank and Webster (1998).  Respiration was measured 

on the same day that leaf packs were collected.  Ten interveinal disks were cut from each 

of three leaf packs collected from each site.  Two leaf disks were placed into each 15-mL 

Warburg flask containing 5-mL filtered stream water collected from each site for a total 

of five replicates per site.  Temperature was kept close to ambient stream temperature (6-

8°C) and measurements were conducted in the dark for 5-7 hours. 

Respiration rate was calculated  following (Umbreit et al. 1964): 
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  X=((∆V)*((P-Pw))/P’)*(T’/T)) 

where, X = oxygen uptake (in µL O2), ∆V = change of volume in respirometer from 

beginning to end (in µL), P = mean atmospheric pressure immediately before and after 

respiration experiment (in mm Hg), Pw = vapor pressure of water at temperature of 

experiment, P’ = standard pressure (760 mm Hg), T’ = standard temperature (273.15 °K), 

and T = water temperature (°K).   Data were transformed to mg O2 cm-2 h-1 using disk 

area and the ideal gas equation. 

Biofilm respiration: responses to arsenic addition  

A toxicity experiment was performed to measure the response of un-exposed (i.e. 

reference) leaf biofilm respiration to elevated arsenic concentrations.  Red maple and 

white oak leaf packs were placed at Site 1 on 25 February 2003 where they were exposed 

to microbial processing for a 5-week period.  Using upstream water as a dilutent (and as 

control) four solutions (0.01, 0.1, 1, and 10 mg As/L) were made to present an arsenic 

gradient similar to that observed along the length of the study reach.  Thus, five 

treatments were established, each with three replicates.  Leaf packs were collected on 1 to 

4-April 2003.  The disks were cut and immediately placed into flasks with appropriate 

treatment. Leaf biofilm respiration was measured following the method described above. 
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Results 

 

Physical and chemical characterization 

Upstream and downstream temperature were similar throughout the course of the 

study (Figure 2).  Downstream temperature was higher in the summer (July-September) 

when upstream temperature averaged 2°C lower than that observed downstream (16.3ºC 

± 0.02 vs 18.2ºC ± 0.03, Figure 2).  Stream flow was intermittent during the summer 

period and discharge spikes coincided with rain storms on that same date or the date after 

(Figure 3).   

Average nitrate-nitrogen concentrations were nearly two-fold greater upstream 

than they were downstream with average values of 829.3 and 425.6 µg/L differing 

significantly (p< 0.001,Table 1 and Figure 4).  In contrast, ammonium-nitrogen values 

were similar with average values of 5.2 and 5.8 µg/L  (p = 0.609). Dissolved organic 

carbon was significantly (p < 0.001) elevated upstream where the average value was 

more than 1 mg/L greater than the downstream values (4.9 versus 3.7 mg/L, Table 1).  

Sulfate concentrations downstream were five-times greater than those observed upstream 

(4.5 versus 4.6 mg/L, Mann-Whitney Rank Sum Test, p < 0.001).  Concentrations of two 

arsenopyrite elements, arsenic and sulfate, were highly correlated along the study reach 

(Pearson Product Moment Correlation, r2 = 0.686, p = 0.0285).  The entire stream reach 

was characterized by relatively low dissolved oxygen concentrations at about 50% 

saturation.  The downstream, mine-influenced, reach had average conductivity values 15 

µS cm-1 higher than the upstream reference reach (Mann-Whitney Rank Sum Test, p = 

0.023). 
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Figure 2.  Surface water temperature at the Brinton mine stream.  Ten day averages are 
plotted for upstream (site 2) and downstream (site 6) temperature.  
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Table 1. Chemical characterization of the Brinton Mine Creek.  Dissolved oxygen (DO) 
& conductivity (Cond.) are the mean of 6 samples (1 per month) while all other chemical 
parameters are the mean of 18 samples (3 per month) ± standard errors. 
 

Site Reach 
type 

DOC 
(mg/L) 

NH4
+ 

(µg/L) 
NO3

- 

(µg/L) 
SO4

- 

(mg/L) 
DO 

% sat. 
Cond. 

µS cm-1 

1 Up 4.7 
±0.5 

5.4 
±0.6 

884.3 
±131.6 

4.6 
±0.5 

51.7 
±8.2 

53.1 
±9.3 

        

2 Up 5.1 
±0.5 

5.4 
±0.9 

857.6 
±124.1 

4.9 
±0.5 

51.4 
±8.1 

56.7 
±4.9  

        

3 Up 4.9 
±0.4 

4.8 
±0.5 

775.2 
±152.2 

4.5 
±0.6 

52.3 
±8.2 

50.8 
±3.5 

        

4 Down 4.9 
±0.3 

5.4 
±0.8 

408.6 
±87.5 

4.8 
±0.6 

59.9 
±8.6 

42.9 
±4.2 

        

5 Down 4.3 
±0.5 

4.4 
±0.4± 

506.5 
±99.5 

10.3 
±1.1 

54.6 
±7.7 

58.4 
±7.7 

        

6 Down 3.2 
±0.3 

6.2 
±0.9 

478.4 
±83.8 

16.2 
±1.9 

56.6 
±7.4 

69.2 
±9.3 

        

7 Down 3.9 
±0.5 

5.3 
±0.6 

453.7 
±80.8 

15.5 
±1.9 

55.5 
±8.3 

67.0 
±10.0 

        

8 Down 2.8 
±0.3 

5.6 
±1.0 

415.5 
±74.4 

14.4 
±1.9 

57.1 
±7.9 

67.0 
±9.9 

        

9 Down 2.8 
±0.3 

4.9 
±0.5 

278.9 
±35.9 

23.0 
±2.9 

56.8 
±9.6 

91.4 
±8.7 

        

10 Down 2.8 
±0.3 

8.7 
±1.8 

430.2 
±65.9 

17.5 
±1.9 

56.7 
±7.8 

71.3 
±9.3 
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Figure 4. Biologically active constituents, a) nitrate b) ammonium  and c) 
dissolved organic carbon (DOC), in Brinton Mine Creek.  DOC and nitrate 
are significantly higher upstream versus downstream (p < 0.001), while 
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Arsenic concentrations increased exponentially (r2 = 0.8035, p < 0.001) with distance 

downstream at the study site (Figure 5).  Arsenic occurring as arsenite was below five 

percent of total arsenic measured for 95% of the collected samples.  In at least half of 

those measurements, arsenite was present in concentrations below the detection limit 

(i.e., < 2.5µg/L). 

Benthic macroinvertebrates 

The downstream study reach was characterized by very low densities of benthic 

macroinvertebrates (Figure 6). Out of 25 total downstream samples only two had more 

than ten total invertebrates (one with 12 in April and one with 17 in October) and 13 of 

25 lacked organisms completely.  Average invertebrate density in the downstream reach 

was more than an order of magnitude lower than the upstream reach where mean density  

approached 8000 individuals/m2.  The upstream community was represented by several 

functional groups (sensu Merritt and Cummins 1996) including shredders, collector 

gatherers, collector-filterers, and predators (Figure 7).  In contrast the downstream 

community had just two functional groups represented by shredders and predators.  

Shredders made up just 14% of total invertebrates downstream compared to 43% in the 

upstream reach.  The downstream reach was dominated  by predators (86% of all 

individuals, Figure 7), while predators were only 26% of all upstream individuals.  In 

addition, richness and % EPT abundance were at least ten times greater upstream 

compared to downstream (p < 0.001, Mann-Whitney Rank Sum Test). 
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Figure 7.  Reach scale functional group assessment represented by four groups in 
upstream (a) and two groups in downstream (b) reaches.  
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Arsenic concentrations of leaf breakdown sites 

Arsenic concentrations varied among the four categories generated for leaf 

breakdown assays (Figure 8).  The mean arsenic concentration for LB1 (8 µg/L) was ten-

fold lower than for LB2 (96 µg/L), but not significantly different (two-way ANOVA with 

site and time as factors, 4 x 6 factorial, with SNK, p > 0.078) due to high variation 

throughout the study (Table 2).  Arsenic concentrations at LB3 and LB4 were greatly 

elevated, with mean concentrations of 561 µg/L and 8662 µg/L respectively, compared to 

LB2 and LB1 sites (p < 0.001).  

Temporal variation in arsenic concentrations varied among the four breakdown 

sites (Figure 9).  At LB4, monthly mean arsenic concentrations were significantly 

different from one another every month over 6 months, ranging from 3258 µg/L in 

November to 11786 µg/L in February.  At LB3 concentrations were nearly twice as high 

in October and November, 1014 µg/L and 580 µg/L respectively, compared to the 

following four months with average concentrations ranging from 195 µg/L to 322 µg/L. 

There was less temporal variation at LB1 and LB2 and no significant differences (p > 

0.05) among sampling period. 

Leaf breakdown rates 

The interaction between site and physical burial by waste pile sediments was not a 

good predictor of leaf breakdown rate (p= 0.370 - 0.66, Table 2), indicating that sediment 

accumulation had little influence on litter loss rates.  Instead, site-time interaction during 

leaf breakdown assays indicated that location was more determinant of breakdown rate.  

All three leaf breakdown assays (red maple, white oak, and meso) followed similar 

patterns where the upstream reach (i.e., LB1) breakdown rate was twice that of the mine  
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Table 2.  Results from two-way analysis of covariance on red maple, white oak, and meso 
leaf packs.  Sediment represents physical burial of leaf packs by sediments in grams dry 
weight.  
 

Source DF MS F P 

Red maple     

Site 2 0.541 31.17 < 0.0001 

Time*site 3 0.681 39.21 < 0.0001 

Sediment*site 3 0.009 0.56 0.6421 

 

White oak 
    

Site 2 0.121 24.18 < 0.0001 

Time*site 3 0.364 72.80 < 0.0001 

Sediment*site 3 0.0105 1.07 0.3735 

 

Red maple (Meso) 
    

Site 2 0.267 16.21 < 0.0001 

Time*site 3 0.610 36.96 < 0.0001 

Sediment*site 3 0.007 0.41 0.6642 
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influenced mid-reach (i.e., LB2) and nearly three times higher than the downstream (i.e., 

LB3, LB4) reaches (Figure 10).  For full size leaf pack assays, rates of breakdown were 

greatest at LB1 and were significantly (p < 0.05) higher than at LB2 or LB3 where rates 

were statistically similar (p > 0.05).  Similarly, patterns of breakdown for red maple meso 

packs followed the identical pattern with upstream rates significantly greater than rates of 

other sites while k values in LB2 and LB4 were not significantly different (p > 0.05, 

Figure 10). 

Macroinvertebrates and leaf breakdown 

No shredders were found on meso packs at LB2 or LB4, while mean density at 

LB1 was 8.2 individuals (Figure 11).  White oak and red maple leaf packs at LB1 were 

inhabited by twenty times the shredders, 24.2 and 15.3 respectively, found at LB2, 1.8 

and 0.5 respectively, and LB3, 0.4 and 0.8 respectively.  Red maple meso and red maple 

breakdown rates were correlated with the number of shredders present (r2 = 0.0927, p = 

0.008).  White oak breakdown rates were also correlated with the number of shredders 

present (r2 = 0.997, p = 0.05). 
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Figure 10.  Leaf breakdown rate for meso red maple (A), red maple (B), and white oak (C) 
leaf packs.  Panel A right bar is leaf breakdown site 4 while right bar is LB3 for 
panels B and C.  Within a leaf pack type, bars with similiar letters are not statisctically 
different (p >0 .05) among sites.  
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Figure 11. Average shredder abundance (+SE) for red maple meso (A), red maple (B), and white oak (C) leaf 
packs.  Within leaf pack type, bars with different letters are significantly different (p < 0.05).  
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Leaf biofilm respiration: effects of field exposure 

Leaf biofilm respiration response to site and time varied between species.  Red 

maple leaf biofilm respiration (Figure 12) was not significantly different among sites or 

through time (p = 0.082 and 0.087 respectively, two-way ANOVA with site and time as 

main factors).  In contrast, biofilm respiration on white oak leaves was significantly 

higher upstream and changed through time (p = 0.042 and 0.014 respectively, two-way 

ANOVA with site and time as main factors).  Upstream respiration averaged 0.0025 mg 

O2
 cm-2h-1at LB1 and was significantly higher (SNK multiple comparison test) than LB2 

(p = 0.043) or LB3 (p = 0.046) where average respiration values were 0.00075 mg O2 cm-

2 h-1 and 0.001075 mg O2 cm-2 h-1, respectively.  After 21 days in the stream white oak 

respiration was nearly twice as high as during the following three assays (p < 0.05), while 

there were no detectable differences (p >0 .05) among the final three trials (i.e., days 50-

120).  For both red maple and white oak respiration rates at LB1 were higher, but not 

significantly greater than the very similar rates at LB2 and LB3 (Figure 12). 

Leaf biofilm respiration: response to arsenic addition 
 
 Reference reach red maple and white oak leaf biofilm respiration were not 

significantly influenced by increasing arsenic concentrations up to 10 mg/L (p = 0.141 

and 0.283 respectively, one-way ANOVA).  In the case of white oak, there was no 

indication of suppressed microbial activity with increasing arsenic concentrations.  

Instead white oak respiration (Figure 13a) in the control was only 50-75% of that 

observed for 0.01, 0.1, and 1 mg/L treatments.  At the same time, biofilm respiration in 

the treatment with highest concentration (i.e., 10 mg/L) was comparable to that observed 

in the control group.  In contrast, average red maple respiration did trend down as 
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LB1 (upstream reference reach), LB2 (mid-reach adjacent to tailings piles), and LB3
downstream reach.  Each point is the mean of three replications with standard
error.    
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arsenic concentration increased with three treatment means reaching only half of the rate 

observed in the control group (Figure 13b). 
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Discussion 

Leaf breakdown 

Leaf breakdown rates in the headwater stream draining the former Brinton mine 

site were significantly slowed in reaches exposed to elevated arsenic concentrations.  Red 

maple in standard size and smaller (meso) leaf packs located in the reference reach broke 

down at rates typical for this species characterized as being in the middle of the range 

reported by Webster and Benfield (1986).  Rates for this same species in the mine-

influenced reaches  were more like those at the low range of reported values.  Similarly, 

white oak reference reach breakdown rates were at the higher end of the range while 

mine-influenced rates were at the lower end of the range.  Mean arsenic concentration as 

low as 96 µg/L (Figure 8), two-thirds the value of EPA chronic level criterion values of 

150 µg/L (U.S. EPA 2002), significantly altered organic matter processing as indicated 

by  depressed rates of leaf breakdown. 

Burial of leaf packs due to mobilized sediments during storm runoff at LB3 was 

an additional variable that may decrease leaf breakdown rate.  Sedimentation from 

development or disturbance of riparian zones slows the rate of detritus processing by 

burying leaf packs (Webster and Waide 1982, Sponseller and Benfield 2001).  In this 

investigation, mine waste piles were a local source of sediment to the stream.  However, 

analysis of covariance demonstrated that site was a strong determinant of breakdown 

even when sediment influence was held constant.  In other words, leaf breakdown rate 

was so heavily influenced by other differences among sites that sedimentation effects 

were undetectable.  This conclusion is supported by the fact that breakdown rates for the 
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mid-and lower sites in the mine-influenced reach did not differ significantly despite very 

different amounts of sediment accumulation. 

Stream biota responsible for leaf breakdown 

 Toxicants can influence those organisms responsible for leaf breakdown in a 

variety of ways.  For example, copper was identified as the cause of slower leaf 

breakdown rates (Leland and Carter 1985, Schultheis and Hendricks 1999), through 

toxicity to microorganisms.  Similarly, Newman et al. (1987) and Newman and Perry 

(1989) found that high doses of chlorine and chlorine plus ammonia reduced litter-

processing rates by initially reducing microbial conditioning, but the primary influence 

on litter processing was a reduction in the number of amphipod shredders.  Mulholland et 

al. (1987) found lower rates of decomposition in acidic streams was due to reduced rates 

of microbial activity.  Elevated arsenic concentrations appeared to have a significant 

effect on the invertebrate community with a strong influence on the shredders.  The 

smaller leaf packs lacked shredders entirely within the mine-influenced reaches, while 

red maple and white oak leaf packs had ten times fewer shredders than were present in 

the reference reach.  The close association between increased arsenic concentrations and 

drastic reduction in invertebrate abundance suggests that arsenic may be acting as a 

toxicant to these animals and that this influence may be extreme for members of the 

functional group.  Further, the close association between shredder abundance and leaf 

breakdown rate suggests that arsenic contamination may be altering rates of organic 

matter processing by reducing or eliminating macroinvertebrate species that are central to 

the later stages of leaf breakdown (Wallace et al. 1982, Wallace et al. 1986).  This 
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investigation offered little evidence that arsenic contamination altered breakdown by 

reducing rates of microbial processing. 

Instead, leaf biofilms exhibited a high tolerance to elevated arsenic since all 

assayed leaf discs supported active respiring microflora.  It is evident that leaf biofilms 

existed both in the reference and mine-influenced reach and that biofilms of both areas 

were resistant to arsenic.  Biofilm activity on red maple was similar among sites and 

through time and no significant differences in respiration were caused by experimentally 

adding arsenic.  In addition, although white oak respiration was higher at the upstream 

reach compared to downstream reaches, it was not affected by increasing arsenic 

concentrations executed in controlled laboratory conditions.   

Microbial biofilms are natural metal-immobilizing matrices (Ferris et al. 1989) 

and bacterial tolerance to arsenic has been well established.  Brunskill et al. (1980) found 

no inhibition of microbial degradation of organic matter in an experimental lake under 

the influence of arsenic spikes.  Leblanc et al. (1996) found microbial uptake of arsenic to 

be an important control on arsenic concentrations in acidic mine waters.  Thus, they 

proposed microbes as potential remediation vectors for arsenic contamination.  Several 

studies (Ahmann et al. 1994, Newman et al. 1988, Langner and Inskeep 2000) have 

shown that resistant bacterial strains reduce As+5 to As+3 while simultaneously 

experiencing cell growth, suggesting a link between arsenate reduction and cellular 

energy generation.  Although there is an established link between arsenic-tolerance and 

bacteria, it is not yet known how these links cascade into ecosystem effects such as 

geochemical cycling of arsenic in fresh-water.  This work demonstrates, for the first time, 
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that lotic leaf biofilms are generally resistant to arsenic even at concentrations nearly 70 

times greater than those set as chronic toxic levels for metazoans (U.S. EPA 2002). 

Ecosystem implications 

Arsenic influence on ecosystem process, in this headwater stream, is focused 

through the detritus processing shredders.  Anthropogenic loading of different chemical 

pollutants may influence leaf breakdown rates by either reducing microbial colonization 

and activity, reducing shredders, or a combination of both.  Effects of heavy metals on 

benthic communities are complex and require extensive observational and experimental 

studies to develop causation in ecological assessments (Clements et al. 2002, Courtney 

and Clements 2002).   In this stream, toxic effects of arsenic appear to have limited 

organic matter processing not by bottom-up influences on microbial biofilms, but through 

food web alterations at higher trophic levels.  Instead of limiting development and 

activity of microbial flora, arsenic appears to have targeted the macrozoobenthos that 

graze these biofilms and play a key role in the processing of allochthonous inputs in 

forested headwater streams. 
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Appendix A. 
Summary of monthly total arsenic concentrations (µg/L), numbers in parenthesis are 
standard deviation.  September was the first time speciation was recorded.  BDL: below 
detection limit of 2.5 µg/L.  Dry = stream was intermittent in summer 2002 Virginia 
drought. 
 

Site Jun-02 Jul-02 Aug-02 Sep-02 Sep %  
As (III) 

1 5.2 (0.2) 4.5 (2.2) dry dry dry 
2 7.0 (0.5) 7.8 (0.7) 14.2 (2.4) 21.4 (0.3) BDL 
3 7.3 (0.2) 11.9 (1.0) 15.1 (1.1) dry dry 
4 9.5 (5.8) 42.1 (4.9) 63.9 (1.6) dry dry 
5 112.0 (25.9) 159.3 (47.8) dry dry dry 
6 408.5 (11.5) 718.1 (102.8) 1227.2 (102.8) 1026.4 (48.1) BDL 
7 613.4 (10.6) 766.2 (8.3) dry dry dry 
8 546.7 (15.1) 751.1 (39.6) 870.3 (103.8) 558.3 (42.3) 4 
9 8837.8 (17.8) 11549.4 (112.9) dry dry dry 
10 918.7 (26.6) 2417.5 (114.3) 2222.6 (71.6) 2956.9 (41.8) 8 

Site Oct-02 Oct % 
As (III) Nov-02 Nov % 

As (III) 
1 4.2 (1.2) BDL BDL BDL 
2 11.8 (0.5) BDL 3.7 (0.7) BDL 
3 17.1 (0.9) BDL 7.6 (0.2) BDL 
4 47.1 (1.8) BDL 39.3 (0.1) BDL 
5 372.6 (11.0) 1.4 74.7 (1.7) BDL 
6 1073 (28.3) 17.6 563.4 (9.9) 0.8 
7 573.8 (32.5) 4.8 590.1 (6.2) 0.9 
8 1395.6 (22.1) 1.6 586.5 (13.2) BDL 
9 10192 (185.2) 1.7 3257.8 (120.6) 1.8 
10 1453.4 (122.5) 4.9 1365.4 (193.9) 1 

Site Dec-02 Dec % 
 As (III) Jan-2003 Jan %  

As (III) 
1 BDL BDL BDL BDL 
2 BDL BDL BDL BDL 
3 3.2 (0.2) BDL 4.2 BDL 
4 8.0 (1.3) BDL 3.1 BDL 
5 79.7 8.8) BDL 25.5 BDL 
6 257.4 (23.0) BDL 380.3 BDL 
7 261.2 (39.4) BDL 202.6 BDL 
8 275.3 (30.5) BDL 382.5 BDL 
9 5782.1 (80.8) BDL 9213.4 1.0 
10 849.1 (39.8) 0.5 872.0 6.0 
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Appendix A (contd.). 
 

Site Feb-03 Feb % 
As (III) Mar-03 Mar % As 

(III) 
1 BDL BDL BDL BDL 
2 5.3 (6.5) BDL BDL BDL 
3 4.6 (1.0) BDL 3.8 (0.1) BDL 
4 27.5 (5.2) BDL 10.7 (1.9) BDL 
5 340.0 (10.5) BDL 521.7 (85.6) BDL 
6 291.3 (62.4) BDL 186.4 (12.4) BDL 
7 291.3 (16.3) BDL 213.4 (20.2) BDL 
8 340.0 (26.1) BDL 186.4 (16.9) BDL 
9 11786.1 (511.8) BDL 8675.8 (1045.3) 0.1 
10 994.9 (46.0) 0.2 622.6 (80.9) 1.7 
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Appendix B. 
Invertebrates for upstream quantitative sampling.  Units are the mean number of 
invertebrates from five samples in each of the five following sampling dates: 
March, April, and October 2002 and January and March 2003. 
 

Order Genus March April October January March 
Odonata Lanthus 0.6 0.6 0.8 0.2 0.4 
 Cordulegaster 1 0 5.2 2.2 0.4 
Plecoptera Haploperla  0.6 0 0 0 0 
 Oconoperla 0 0 0 4 1.6 
 Tallaperla 0 2.4 0.4 0 0.4 
 Sweltsa 0.2 8.4 0.4 0 0.2 
 Isoperla 0.6 0.6 0.4 0 0 
 Soyedina 0 0 0 0.2 0 
 Amphinemura 7.6 13.6 0 1.8 5.8 
 Leuctra 8.8 30 2 6.6 17.2 
Coleoptera Microcylloepus 2.2 2.2 13.2 3.6 0.8 
 Ancyronyx 0.4 0 2.8 0 0 
Trichoptera Lepidostoma 4 6.4 .2 6.4 10 
 Wormaldia 0 0.4 0 0.4 0.4 
 Psilotreta 0.6 1 2.8 1 0.6 
Ephemeroptera Leptophlebia 6.8 29.4 6.8 2.6 1.2 
 Ameletus 2.2 2.4 0 1.8 6.2 
 Ephemerella 1 2.6 0 1 0.4 
 Stenonema 0 0.8 0 0.2 0 
 Eurylophella 0.6 1.4 1.6 0.2 0 
Lepidoptera Acentria 0 0.2 0 0 0 
Diptera Ceratopogenidae 1.8 2.6 9.2 9 1 
 Tipulidae 4.8 7 15.8 6.6 4 
 Chironimidae 70.6 122 49.4 76.4 38.8 
 Dixidae 0.2 2.2 0.4 0 0 
Oligochaete  0 0.2 0.6 2.5 0.2 
Collembola  0.8 0.4 0.8 4 0.2 
 
Invertebrates for downstream quantitative sampling.  
 

Order Genus March April October January March 
Odonata Lanthus 0.2 0.2 0 0 0 
 Cordulegaster 0 0 .2 0 0 
Plecoptera Sweltsa 0.2 0 0 0 0 
 Amphinemura 0.2 0 0 0 0 
Trichoptera Lepidostoma 0 0.2 0 0 0 
Diptera Chironimidae 1 4.4 2.8 0.8 0 
 Ceratopogenidae 0 0 0.8 0.8 0 
 Tipulidae 0 0.2 0 0 0 
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Appendix C.   
Mean invertebrates for each site and each test (RM=red maple, M=meso, WO=white 
oak). TG= trophic group classification based on Merritt and Cummins (1996): P= 
predator, CG=Collector gatherer, CF=collector-filterer, S=shredder, no letter designation 
means this taxonomic group has not been classified. 
 
Taxonomic 
group TG RM 

LB1 
RM 
LB2 

RM 
LB3 

M. 
LB1 

M. 
LB2 

M. 
LB4 

WO 
LB1 

WO 
LB2 

WO 
LB3 

Oligochaete  0 1 0 1.3 2 0 1.3 0 0 
Diptera 
Chironimidae  21.6 2.8 0 7 2 0 19.6 11.2 1 

Simulidae  1 0 0 0 0 0 0 0 0 
Ceratopogenidae P 1.3 1 0 0 2 1 1 0 0 
Dixa CG 1 0 0 0 0 0 0 0 0 
Tipula S 1.8 0 0 1 0 0 1.5 1 1 
Pseudolimno-
phila  1 0 0 2 1 0 1.1 0 0 

Ormosia CG 0 0 0 0 1 0 1 0 0 
Dicranota P 0 0 0 0 0 0 1.5 0 0 
Ptychoptera S 0 0 0 2.5 0 0 0 0 0 
Bittacomorpha CG 0 0 0 0 0 8.3 0 0 0 
Leptophlebia CG 3.7 0 0 2.7 0 0 4.9 0 0 
Ephemrella CG 1 0 0 1 0 0 1 0 0 
Eurylophella CG 1.3 1 0 1 0 0 1 0 0 
Ameletus CG 3 0 0 0 0 0 1 1 0 
Stenonema CG 2 0 0 1 0 0 0 0 0 
Trichoptera 
Lepidostoma S 8.8 1 0.5 3.9 0 0 13 3 1 

Psilotreta CG 1.4 0 0 1 0 0 1.3 1 0 
Wormaldia CF 1 1 0 1 1 0 2.2 0 0 
Plecoptera 
Leuctra S 4.7 1 0 5.9 0 0 9.2 0 0 

Sweltsa P 2.3 0 0 0 0 0 1.3 1 0 
Amphinemura S 1 0 0 0 0 0 9.5 0 0 
Soyedina S 1.3 1 0 0 0 0 1.3 0 0 
Ostrocerca S 0 1 0 0 0 0 0 0 0 
Tallaperla S 1 0 0 1 0 0 3 0 0 
Oconoperla S 1.7 0 0 0 0 0 4 0 0 
Peltoperla S 1 0 0 0 0 0 1 0 0 
Odonata 
Lanthus P 1 0 0 1 0 0 2 1 1 

Cordulegaster P 2 0 0.5 0 0 0 1 0 0 
Collembola  1.8 1 0 2 0 0 5.6 2.5 0 
Megaloptera 
Sialis P 0 0 0 0 0 0 0 1 0 
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